AXIAL  PUMPS  OF  WATER-JET  PROPULSION  SYSTEMS  (PRINCIPLES  OF  THEORY  AND  DESIGN)  DTNSRDC/TRANS/350 


DAVID  W.  TAYLOR  NAVAL  SHIP 
RESEARCH  AND  DEVELOPMENT  CENTER 


Bethetda,  Md.  20084 


G>  < 

IQ 


AXIAL  PUMPS  OF  yATER-^T  PROPULSION  SYSTEMS 

(.principles  of  Theory  and  design) 

(Osenye  Nascosy  Vodometnykh(Osnovy  Teorii  i  Jlascheta)^ 


by 


(jy- 


'Abram  Nutovich/Papir  1 


©Unedited  translation  from  the  Russian 

Shipbuilding  (Sudostroyeniye)  Publishing  House, Leningrad, 1965, 


(/ =?  1 


APPROVED  FOR  PUBLIC  RELEASE:  DISTRIBUTION  UNLIMITED 


D  D  G 

prapnn  nr? 


OCT  4  1979 


EtSEUTTE 


I  AprW-*S?9 


xd'  DTNSRDC/TRANS/350 


/  ^ 


79  09 


A 


-*  c 

* 


21 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


MAJOR  DTNSRDC  ORGANIZATIONAL  COMPONENTS 


DTNSRDC 

“ 1 

COMMANDER 

00 

TECHNICAL  DIRECTOR 

1 _ 

01  1 

OFFICER  IN  CHARGE 
CARDEROCK 

05 


OFFICER-IN  CHARGE 
ANNAPOLIS 

04 


SYSTEMS 

DEVELOPMENT 

DEPARTMENT 


SHIP  PERFORMANCE 
DEPARTMENT 

15 


AVIATION  AND 
SURFACE  EFFECTS 
DEPARTMENT  16 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Dote  tnWMJ  _ 

_ REPORT  DOCUMENTATION  PAGE _  I  BEFOREDCOMPLEt5gWFORM 

1.  RESORT  NUMBER  I2.  GOVT  ACCESSION  NO.  j.  RECIPIENT'S  catalog  number 

DTNSRDC/  TRANS/350 

4.  TITLE  f»nd  Submit)  S.  TYRE  OF  REPORT  A  PERIOD  COVER 


Axial  pumps  for  water-jet  propulsion  systems 
(Principles  of  theory  and  design 


5  TYPE  OF  REPORT  •  PERIOD  COVERED 

Unedited  translation,  J966 


I.  PERFORMING  ORG.  REPO" 


17.  author^; 


I  I.  CONTRACT  OR  GRANT  NUMBERft) 


Paplr,  Abram  Nutovlch 

*.  PERFORMING  ORGANIZATION  NAME  AND  ADORES*  ™  ’ 

David  V.  Taylor  Naval  Ship  Research  and 
Development  Center 
Bethesda,  Maryland  20084 

II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 


0.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  *  WORK  UNIT  NUMSERt 


12.  REPORT  DATE 

April  1979 


IS.  NUMBER  OF  PAGES 

269 

W  MONITORING  AGENCY  NAME  a  AOORESSOf  dlllotont  from  Controlling  Olllco)  IS.  SECURITY  CLASS.  fo»  thla  report) 

Unclassified 

15a.  declassification/ downgrading 
schedule 

is.  DISTRIBUTION  STATEMENT  (ot  thlo  Report) 

APPROVED  POR  PUBLIC  RELEASE :  DISTRIBUTION  UNLIMITED 


fir  DISTRIBUTION  STATEMENT  (ot  the  obit  reel  entered  In  Block  30,  II  dll  lor  on  I  from  Report) 


IS.  SUPPLEMENTARY  NOTES 

Unedited  translation  from  the  Russian  "Osenye  Nasrocy  VodometnyVh  (Osnovy 
Teorll  1  Ppscheta) ,  Shipbuilding  (Sudostroveniye)  Publishing  Mouse,  1°65 


19.  KEY  WORDS  (Continue  on  reveree  aid*  if  neceeeery  mid  Identity  by  block  number) 

Water  jet  propulsion 
Translations 
Axial  flow  pumps 


{20.  ABSTRACT  (Continue  on  reveree  aide  It  neceeeery  end  Identity  by  block  number) 

A  generalization  of  the  results  of  research  and  development  In  Mgh-ef f iciency 
axial  pumps  is  given.  A  validated  methodology  for  the  selection  of  the  main 
geometrical  parameters  Is  explained,  as  well  as  calculation  of  the  blading 
system  and  evaluation  of  the  expected  power  and  cavitation  qualities  of  axial 
pumps.  The  selection  parameters  Is  considered,  and  also  features  of  water-jet  pimps. 
The  connection  between  the  power  parameters  of  the  pump  and  the  water-jet 
propulsion  system  is  demonstrated.  A  methodAlogy  is  given  for  calculating  and 
designing  the  elements  of  water-let  propulsion  systems  with  totarv  Made  pumps. 


DD  .XT*  1473 


EDITION  OF  I  NOV  St  It  OBSOLETE 
S/N  0102-LF-0! 4-4601 


SECURITY  CLASSIFICATION  OF  THIS  WAGE  fW*i««  DMA  Entered) 


I 


ACCESSION  for _ 

NTIS  White  Section  fcf 

DDC  Buff  Section  □ 

|  UNANNOUNCED  □ 

JUSTIFICATION  _ _ 


DISTRIBUTION/AVAILASiLlIY  COOES 

lOist.  AVAIL  and/or  SPECIAL 


TABLE  OP  CONTENTS! 


INTRODUCTION. 


CHAPTER  1.  "''GENERAL  CONCEPTS  OP  A  WATER- JET 


PROPULSION  SYSTEM', 


Page 


Sec.  1. 
2. 


Operating  Principles, 
Effective  Forces.  .  , 


CHAPTER  27>kENERAL  CONCEPTS  OP  PUMPS .  .  14 

Sec.  3.  Definition.  Types.  Basic  Parameters  .  X  14 

4.  Design  Elements  of  Axial  Pumps .  17 

5.  Energy  (Power)  Losses  . . 20 

6.  Conditions  of  Similarity  and  the 

Specific  Speed.  . . .  22 

7.  Conditions  of  Combined  Operation  of  a  Water- J 

Jet  JBuaP  and  an  Outer  Network . 28 

■  ■  - - - ^ 

chapter  3.  Abases  op  the  theory  and  calculation  op 

THE  AXIAL  pump;  sa.  .  .  . . .  31 

Sec.  8.  Plow  Characteristics.  .  .  .V  ......  31 

9.  The  Basic  Work  Equation . .  .  40 

10.  Plane  Plow  Around  a  Single  Profile.  .  .  .  'v49. 

11.  The  Operation  of  a  Section  in  a  Plane, Straight, 

Infinite  Latice  (Basic  Principles).  ...  54 

12.  Calculation  of  a  Straight-Line  Lattice  of 

Thin  Profiles  .  . . . .  59 

13.  Methods  of  Calculating  Lattices  of  Seotions 

of  Finite  Thickness  .  69 

chapter  4 .m  Selection  op  the  design  elements  op  the 

BLADING  SYSTEM',  .  .  .  .  .  .  .  .  .  ...  74 

Sec.  14.  Energy  Losses  "in  an  Axial  Pump.  .  74 

15.  .Evaluation  of  the  Expected  Magnitude  \ _ _ 

of  Efficiency . . .  77 

16.  Selection  of  the  Diameter  and  Speed  of 

Rotation  of  a  Rotor  Wheel .  81 


a 


Sec. 17. 


CHAPTER 
Sec. 22. 

23. 

24. 


CHAPTER 
Sec .30. 


CHAPTER  7. 
Sec. 35. 

36. 

37. 


Determination  of  the  Magnitude  of  the 

Hub-Tip  Ratio  . 

Dependence  of  the  Position  of  the  Maximum 
Efficiency  upon  the  Solidity  of  the  lattice 

of  Sections  of  a  Rotor  Wheel . 

Selection  of  the  Design  Parameters  of  the 

Blading  System . 

"Coating"  the  Profiles  of  a  Section  .... 
Location  of  the  Return-Circuit  Rig . 

y  .  _ 

CAVITATIO .  .  . 

The  Cavitation  Phenomenon  . 

Cavitation  Erosion . 


Page 


The  Effect  of  Section  Cavitation  on  the  Dynamic 

Characteristics  of  a  Rotor  Wheel .  121 

Cavitation  Coefficients.  Permissible  Height 

of  Suction .  123 

Evaluation  of  the  Expected  Cavitation 

Characteristics  of  a  Wheel .  133 

Slot  Cavitation .  138 

Estimate  of  the  Intensity  of  Jet  Cavitation, 

and  Ways  to  Reduce  It .  140 

Possible  Consequences  of  Jet  Slot 

Cavitation^  .  . ...  .  ....  ,  . .  148 

£7  - - - 

M0D3LLIIIG  AND  TEST  IMG  OP  PUMPS'.  155 

Principles  and  Features  of  Modelling.  The 

Scale  Effect .  155 

Experimental  Plant  for  Investigating  Pumps  with 

an  Increased  Flow  Rate  and  Speed .  159 

Methodology  of  Power  and  Cavitation  Tests  .  163 

Methodology  of  Generalizing  Pump  Characteristics 
and  Their  Comparison  with  the  Curves  of  the 

Effect  of  Screw  Propellers .  172 

Features  of  the  Testing  of  a  Full-Scale 
Water-Jet  Pump ^  ......  180 

'OPTIMUM  PARAMETERS  OF  A  WATER-JET  PUMP;  .  .  186  v 

The  Motive  Force  of  a  ’Water- Jet  .  .  .  .  ^ — ; - 186  ^ 

Basic  Formulas .  190 

Maximum  Jet  Efficiency  of  a  'Water- Jet 

Propelling  Agent .  191 

Optimum  Value  of  the  Specific  Speed  of  a 

’Water- Jet  Pump .  194 

Selection  of  the  Pump  and  Determination  of  the 
Parameters  of  the  Water-Jet  Propelling  Agent 

.from  Its  Characteristics .  196 

Construction  of  the  Running  Characteristics 

of  a  Water- Jet  Ship .  200 

Operation  of  a  Water-Jet  Propelling  Agent  with 
a  Rotary-Blade  Pump .  205 


b 


X 


\  Page 

CHAPTER  8.  TYPE  ELEMENTS  OP  WATER- JET  PROPELLING 

AGENTS} . . 210 

See. 42.  Type  Pumps . 210 

4^.  Semiautomatic  Drive  of  the  Reversing  and 

y Steering  Gear.  . . 218 

Systems  for  Blade-Turning  Mechanisms  ....  223 

FORCES  ACTING  ON  THE  ROTOR  WHEEL# . 229 

Sec. 45.  Axial  Force  in  the  Rotor  Wheel  .  ^ . 229 

46.  Hydrodynamic  Moment  and  the  Strength 

Calculation  of  a  Blade . 232 

47.  Selection  of  the  Number  of  Blades . 237 

APPENDIX . 240 

Graphs  for  Calculating  Lattices  of  Thin  Profiles  .  .  240 

Tables  of  Dimensions  of  Sections  of  Rotor-Wheel  31ades 
and  Blades  of  Return-Circuit  Rigs  for  Axial  Water-Jet 
Pumps  and  Their  Universal  Characteristics . 247 


3I3LI0GRAPHY 


259 


UDC  629.12.037 


Preface 

In  this  book,  a  generalization  of  the  results  of  research 
and  development  in  high-efficlency  axial  pumps  is  given.  A 
validated  methodology  for  the  selection  of  the  main  geometri¬ 
cal  parameters  is  explained,  as  well  as  calculation  of  the 
blading  system  and  evaluation  of  the  expected  power  and  cavita¬ 
tion  qualities  of  axial  pumps.  The  selection  of  parameters  is 
considered,  and  also  the  features  of  water-jet  pumps.  The  con¬ 
nection  between  the  power  parameters  of  the  pump  and  the  water- 
jet  propulsion  system  is  demonstrated,  a  methodology  is  given 
for  calculating  and  designing  the  elements  of  water-jet  propul¬ 
sion  systems  with  rotary-blade  pumps. 

The  book  is  Intended  for  specialists  working  in  the  field 
of  the  theory,  calculation,  and  designing  of  axial  pumps  and 
pumps  for  water-jet  propulsion  systems,  as  well  as  research  in 
these  fields,  and  also  may  be  used  by  students  of  higher  educa¬ 
tional  institutions  in  the  study  of  the  appropriate  courses. 
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INTRODUCTION 


Ships  with  water-jet  propulsion  systems  have  been  acquir¬ 
ing  a  wider  and  wider  distribution  in  recent  times.  The  wide¬ 
spread  development  of  water  Jets  is  explained  to  a  consider¬ 
able  degree  by  the  improved  technical  level  of  pump  building, 
and,  in  particular,  the  rise  in  the  qualities  of  axial  pumps, 
which  are  the  most  economical  power  plants  for  this  type  of 
propulsion  system*  /*The  list  of  literature  includes  basically 
the  materials  published  in  1957-1962;  a  considerable  part  of 
these  are  devoted  to  water-jet  propulsion  systems  only.  VJe  will 
give  a  list  of  the  basic  problems  explained  in  this  work.  Theo¬ 
retical  works:  /5,  6,  7,  12,  30,  31,  38,  39,  *2,  51,  52,  56,  57, 
58,  59,  79,  9°,  120,  121/ .  Descriptions  of  ships  and  water-jet 
propulsion  systems:  /7,  12,  ill,  88,  95,  98,  103,  108,  109,  111, 
112,  116,  117,  119,  120.  121,  1227.  History: _/Ii,  12,  108,  11*1/. 
Steering  complex:  /73,  85,  88,  1T7,  119,  12C/7  Patents  and  in¬ 
ventions:  /73,  85,  93,  9**,  102,  105,  106,  110.  Ill,  115/.  Experi¬ 
mental  investigations:  /Si,  53,  5*1,  57,  79,  84,  88,  ilo/.  Com¬ 
parison  of  water- jet  propulsion  systems  with  screw  propellers: 

/92 ,  96,  99,  101,  109,  II67.  VJater  jets  for  hydroplanes  and 
Hydrofoils:  /9J ,  107,  109/  .  VJater  jets  for  submarines:  /T06, 

112,  1257.  VJater  jets  with  mu lti-stage_puir.ps :  /T09,  115/.  VJater 
Jets  with  rotary-blade  pumps:  /53,  115/.  The  stabilizing  ef¬ 
fect  of  water-jet  propulsion  systems:  /23,  102/ J. 

Attempts  to  accomplish  the  idea  of  a  water-jet  propulsion 
system  for  ships  were  made  as  early  as  300  years  ago.  The  first 
officially  recorded  inventors  were  the  Englishmen  Toogood  and 
Hayes  /II/,  who  in  1661  patented  a  design  for  ^  ship  with  water- 
Jet  propulsion,  the  working  organ  /power  plant/  of  which  was 
the  simplest  type  of  pump  —  inflated  skins,  operated  manually. 

The  first  theoretical  work  in  the  field  of  the  use  of  the 
water-Jet  principle  for  ship  propulsion  was  the  work  of  the  St. 
Petersburg  academician  D.  Bernoulli,  done  by  him  in  1730  and 
published  in  1738.  About  1750  he  also  proposed  a  design  for  a 
water-jet  propulsion  system  with  an  Archimedean  screw,  which  is 
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the  prototype  of  the  modern  axial  pump  /Tl 7. 

In  1787  the  American  James  Ramsey  constructed  the  first 
experimental  steamship  with  water-jet  propulsion.  The  power 
plant  of  the  water  Jet  was  a  piston  pump. 

Without  dweeling  in  detail  on  the  stages  of  the  history  of 
the  development  of  water  Jets,  we  will  note  that  abroad  it  was 
primarily  water- Jet  propulsion  systems  using  piston  and  centrifu¬ 
gal  pumps  that  were  designed.  Russia  is  the  country  where  the 
primary  attention  has  been  devoted  the  application  of  axial 
pumps. 


In  i860,  S.A.  Burachek,  on  the  basis  of  theoretical  cal¬ 
culations,  developed  a  design  for  a  frigate  with  two  axial  water 
Jets.  The  diameter  of  the  pipes  was  0.5  m,  of  the  pumps  (Archi¬ 
medean  screws)  2.0  m,  while  the  length  of  the  propeller  was  4  m. 

Parallel  to  practical  attempts  for  the  development  of  ef¬ 
fective  propulsion  systems,  their  theory  also  developed.  The 
problem  of  the  water-jet  ship  propulsion  system  was  first  cor¬ 
rectly  solved  by  N.Ye.  Zhukovskiy  /30,  317  who  published  three 
successive  articles  on  this  problem  (1882,  1886,  and  1908) . 

N .Ye.  Zhukovskiy  demonstrated  that  the  reaction  of  a  fluid  en¬ 
tering  the  intake  opening  of  a  water-jet  pipe  is  practically 
equal  to  zero,  since  the  distribution  of  velocities  in  the  fluid 
here  is  not  continuous.  The  reaction  of  the  outflowing  Jet  dif¬ 
fers  from  zero,  because  in  this  case  there  is  a  break  in  velo¬ 
cities:  in  the  Jet  of  fluid  the  velocities  are  finite,  and  be¬ 
yond  its  boundaries  there  are  equal  to  zero  (according  to  N.Ye. 
Zhukovskiy's  expression,  beyond  the  "beam"  of  fluid). 

N.Ye.  Zhukovskiy  gave  the  basic  formulas  for  the  determina¬ 
tion  of  the  magnitude  of  the  motive  force  (propulsive  force)  of 
a  water-jet  propulsion  system,  and  called  attention  to  the  re¬ 
action  between  the  propulsion  system  and  the  ship's  hull.  Here 
he  also  demonstrated  that  the  water  intake  by  a  water  Jet,  i.e., 
the  location  of  the  intake  opening  (if  we  ignore  the  change  in 
the  resistance  of  the  water  to  the  motion  of  the  hull),  has  no 
effect  on  the  quality  of  the  operation  of  the  propulsion  system, 
and  that  with  blunt  stern  lines  /i.e.,  a  rounded  shape  of  the 
ship's  stern7  the  location  of  the  intake  opening  near  the  stern 
improves  the  flow  around  the  hull. 

Numerous  attempts  by  various  inventors  to  develop  a  water- 
jet  propulsion  system  which  could  compete  with  the  screvf  pro¬ 
peller  did  not  produce  the  anticipated  effect.  The  cause  of  this 
was  found  in  the  theoretical  premises,  which  were  not  reliable 
until  the  work  of  N.Ye.  Zhukovskiy.  The  principal  reason  for 
inadequate  efficiency  of  water-jet  propulsion  systems  after  the 
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publication  of  the  works  of  N.Ye.  Zhukovskiy  was  the  backward 
development  of  pump-building  engineering.  The  quality  of  axial 
pumps  was  especially  low. 

The  modem  theory  of  axial  pumps  began  to  develop  in  the 
1930's,  when  I.N.  Voznesenskiy  created  a  method  of  integral 
equations  for  calculating  straight-line  lattices  of  profiles  of 
peripheries  (see  Sections  11  and  12).  In  1937-1938  I.N.  Vcznesen 
slciy  proposed  that  an  impeller  (propeller)  pump  be  used  to 
drive  water- jet  propulsion  systems.  Under  his  direction  at 
the  Leningrad  Polytechnical  Institute  (LPI),  a  water-iet  pro¬ 
pulsion  system  U3ing  a  propeller  pump  was  calculated  (by  N.I. 
Zurabov,  V.P.  Pekin,  and  S.S.  Serikov),  designed,  and  tested 
(by  A.L.  Sh’.col'nikov) . 

Drawings  of  t;*o  axial  water  jets  with  underwater  discharge 
and  a  calculated  specific  speed  of  2000  for  the  rotor  wheel  of 
the  pump,  which  were  tested  in  1938,  are  given  in  Fig.  1  (see 
Section  6).  For  a  comparison,  the  Hotchkiss  conical  propulsion 
systems,  which  at  that  time  had  been  widely  distributed,  were 
designed  for  the  same  parameters,  fabricated,  and  tested.  The 
efficiency  of  the  axial  water  jets  was  twice  as  high  as  that 
of  the  Hotchkiss  propulsion  systems,  but,  however,  it  was  below 
what  had  been  expected  by  the  designers,  and  these  water  jets 
were  not  made  in  the  future. 


Fig.  1.  Drawings  of  models  of  axial  water 
jets  designed  by  I.N.  Voznesenskiy :  a)  With 
rotary  outlet  nozzle;  b)  YJith  fixed  outlet 
nozzle.  1)  Nozzle. 

In  1942-1944,  Engineer  M.D.  Khrennikov  and  Professor  I.M. 
Konovalov,  independently  of  each  other,  proposed  water-jet  pro¬ 
pulsion  systems  with  axial  pumps. 

M.D.  Khrennikov  arrived  at  his  development  of  a  water  jet 
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by  experimental  methods.  The  final  design  of  a  water- jet  pro¬ 
pulsion  system  was  developed  by  him  in  1950-1951  (Fig.  2)  for 
a  pusher  tug  v?ith  an  original  reverse  steering  gear.  This  pro¬ 
pulsion  system,  investigated  in  detail  in  the  LIVT  /Leningrad 
Institute  of  Water  Transport/  /y]j  >  is  still  being  manufactured 
in  series  production  at  the  present  time. 

I.M.  Konovalov  developed  a  "propeller-slotted”  water-jet 
propulsion  system,  a  drawing  of  which  is  shown  in  Fig.  3.  A 
launch  with  such  a  propulsion  system  was  built  and  studied  in 
detail.  In  accordance  with  the  results  of  these  investigations, 
I.M.  Konovalov  developed  a  methodology  for  calculating  the  basic 
parameters  of  a  water- jet  propulsion  system  /3§/,  the  main  princi¬ 
ples  of  which  were  used  in  this  book  (see  Sections  3 6  and  37). 

Simultaneously  with  the  work  of  I.M.  Konovalov,  the  theo¬ 
retical  work  of  Professor  A.M.  Basin  /57  was  published,  which 
laid  the  foundation  for  a  series  of  works  performed  both  by  A. 

M.  Basin  himeslf  and  by  other  researchers  under  his  direction 
£J,  51,  52,  53,  5^7- 


Fig.  2.  Water-jet  propulsion  Pig.  3.  Propeller-slotted  pro¬ 
system  designed  by  M.D.  Khren-  pulsion  system  of  I.M.  Konovalov, 
nikov.  1)  Steering  device;  1)  Rudder:  2)  Flow  channel  (pipe); 
2)  Flow  channel;  3)  Pump.  3)  Hull;  4)  Propeller. 

In  1952  Professor  A.P.  Kuzhma  developed  a  light-draft  water- 
jet  launch,  the  "Progress"  (Fig.  *0,  and  in  195^  the  launch  "Pro¬ 
gress-3",  series  output  of  which  still  continues.  It  is  inter¬ 
esting  to  note  that  the  draft  of  the  launch  amounts  to  only  0.2  m 

In  recent  years,  water- Jet  propulsion  systems  have  begun 
to  be  used  also  in  fast  ships;  for  example,  a  passenger  hydro- 
fiol  vessel  with  a  water-jet  propulsion  system  develops  a  speed 
of  up  to  95  km/hr.  In  reference  /Il67,  a  design  fcr  a  catamaran 
water-jet  propelled  launch  with  a  calculated  speed  of  up  to 
180  km/hr  is  described. 
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The  unit  capacities  of  water-jet  propulsion  systems  are 
also  Browing;  in  reference  /llS 7,  descriptions  of  water  jets 
with  capacities  of  up  to  1500  and  4000  horsepower  are  given. 
The  first  of  these  is  accomplished  on  the  basis  of  a  two-stage 
axial  pump.  The  water  jet  of  greater  power  provides  for  a  pro¬ 
pulsive  efficiency  of  82.5  percent,  which  is  11  percent  higher 
than  for  a  screw  propeller  designed  for  the  same  ship. 

At  the  present  time,  a  scheme  of  water- jet  propulsion 
system  with  an  axial  pump  and  the  so-called  semi -underwater 
discharge  is  the  most  economical  (Pig.  5). 


Pig.  4.  Drawing  of  A.P.  Kuzhma’s  water-iet 
propulsion  system.  1)  Intake  channel;  2) 
Pump;  3)  Pressure  pipes;  4)  Engine;  5)  De¬ 
flector;  6)  Reverse  channels. 


Pig.  5.  Diagram  of  a  modern  water-jet  propul¬ 
sion  system  with  semi -underwater  discharge. 

1)  Rudder;  2)  Pressure  pipe;  3)  Correcting 
rig;  4)  Rotor  wheel;  5)  Pressure  channel; 

6)  Protective  cascade,  a)  Waterline. 

It  is  apparent  that  the  operating  efficiency  of  a  ship’s 
water-jet  propulsion  system  depends  to  a  considerable  degree  upon 
the  high  qualities  of  the  pump  being  used.  The  application  of 
axial  pump3  provides  for  obtaining  the  necessary  hydroraechani- 
cal  qualities  of  the  propulsion  device,  and  the  use  of  a  system 
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having  minimum  overall  dimensions. 

Problems  of  the  theory  and  calculation  of  axial  pumps  were 
explained  most  fully  in  a  book  by  A.  A.  Iomakin  (Chapter  IX) 
which  was  published  as  early  as  1950  /TO/.  In  the  past  15  years, 
a  large  quantity  of  new  investigations  of  Individual  problems 
in  the  theory,  calculation,  and  designing  of  axial  pumps  and 
axial  compressors  has  appeared,  while  a  series  of  high-quality 
pumps  has  been  developed  that  have  been  placed  in  a  new  GOST 
/All-Union  State  Standard/*  However,  up  to  the  present  time 
not  one  work  has  been  published  in  which  the  material  accumu¬ 
lated  in  these  years  has  been  generalised.  A  general  methodology 
for  optimum  selection  of  the  basic  theometric  parameters  of 
axial  pumps  has  also  not  been  developed.  Axial  pumps  intended 
for  operation  in  water- Jet  propulsion  systems  have  a  number  of 
peculiarities  in  comparison  to  ordinary  pumps  for  stationary 
plants.  These  features  have  not  been  discussed  at  all  in  the 
literature. 

All  this  served  as  the  basis  for  the  creation  of  the  book 
offered  here  for  the  reader's  attention,  which  is  an  attempt  to 
generalize  the  results  of  our  own  investigations,  and  also  the 
results  of  research  as  published  by  other  authors.  Such  a 
generalization  has  made  it  possible  to  develop  a  general  metho¬ 
dology  of  the  calculation  and  designing  of  elements  of  the 
blading  of  axial  pumps,  with  a  consideration  of  the  features 
of  pumps  for  water-jet  propulsion  systems. 

Theory  and  calculations  of  water- jet  propulsion  systems 
are  most  completely  expounded  in  the  book  by  A.M.  Basin  and 
V.H.  Anfimov  (Chapter  X7I),  which  was  published  in  1961  /o/. 
However,  in  our  book  we  have  been  obliged  to  consider  certain 
problems  in  the  theory  of  the  operation  of  a  water-jet  propul¬ 
sion  system  for  validation  of  the  selection  of  parameters  of 
the  corresponding  pump  and  for  investigation  of  the  mutual  con¬ 
nections  between  the  operation  of  the  propulsion  system  and  the 
pump.  Besides  this,  special  problems  concerning  the  operation 
of  axial  stationary  and  water-jet  pumps  have  been  considered 
(cavitational  reliability,  noise  factors,  designing  of  simpli¬ 
fied  mechanisms  for  rotating  the  blades  of  the  rotor  wheel  of 
axial  pumps,  etc.). 

Since  certain  problems  of  the  calculation  and  designing  of 
axial  pumps,  and  especially  water- jet  pumps,  are  considered  for 
the  first  time  in  this  book,  naturally  it  is  not  free  of  short¬ 
comings,  any  indications  of  which,  and  also  all  other  comments, 
will  be  greatfully  accepted  by  the  author. 

/ 


7 


Chapter  1 

GENERAL  CONCEPTS  OP  A  WATER -JET  PROPULSION  SYSTEM 
Section  1.  Operating  Principles 

Shipboard  jet-propulsion  systems  are  what  we  call  devices 
that,  reacting  with  the  fluid . surrounding  the  ship,  create  a 
motive  force,  i.e.,  a  force  that  places  the  ship  in  motion. 

This  force  is  expended  in  overcoming  the  resistance  of  the 
water  to  the  motion  of  the  hull. 

A  Jet  propulsion  system  takes  the  fluid  from  the  space 
surrounding  the  ship  and  discharges  it  at  increased  velocities 
in  the  direction  which  is  the  reverse  of  the  direction  of  mo¬ 
tion  of  the  hull.  The  source  of  the  origin  of  the  motive  force 
is  the  increment  of  momentum  of  the  mass  of  fluid  that  ha3 
passed  through  the  propulsion  system.  The  operation  of  the 
propulsion  system  is  accomplished  by  means  of  the  use  of  the 
mechanical  energy  of  the  engine,  which  is  converted  into  hy¬ 
draulic  energy  by  a  device  installed  within  the  ship's  hull. 

A  water-jet  propulsion  system,  in  distinction  from  all 
other  types  of  shipboard  jet  propulsion  systems,  is  entirely 
located  within  the  ship's  hull.  Therefore,  it  must  mandatorily 
have  three  basic  glements: 

~  an  Intake  or  suction  pipe,  which  brings  in  the  fluid  from 
the  space  outside  the  ship's  hull; 

—  a  device  communicating  an  additional  mechanical  energy 
to  this  fluid; 

—  an  exhaust  or  pressure  pipe,  forcing  the  Jet  of  fluid 
outside  the  hull. 

In  accordance  with  the  terminology  existing  in  contemporary 
engineering,  any  device  converting  mechanical  energy  obtained  from 
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an  engine  into  hydraulic  energy,  i.e.,  into  the  mechanical 
energy  of  a  flow  of  fluid,  is  called  a  pump.  The  basic  power 
plant  of  a  water- jet  propulsion  sa’-stem  is  a  pump. 

A  diagram  of  a  ship  with  a  water-jet  propulsion  system  in¬ 
stalled  in  the  stern  is  shown  in  Pig.  6. 

In  uniform  (steady-state)  motion  of  the  ship,  the  energy 
of  the  motive  force,  developed  by  the  water  jet,  lilce  any  other 
propulsion  system,  is  numerically  equal  to  the  energy  of  the 
resistance  of  the  water  to  the  motion  of  the  hull. 


Pig.  6.  Diagram  of  a  ship  with  a  water- Jet 
propulsion  system,  l)  Axial  pump;  2)  Water- 
Jet  pipe;  3)  Shafting;  4)  Engine. 


Since  a  water-jet  propulsion  system  does  not  have  any  ele¬ 
ments  protruding  beyond  the  limits  of  the  ship's  hull  lines, 
we  may  expect  that  the  resistance  of  the  water  to  the  motion 
of  a  ship  with  water-jet  propulsion  vfill  be  less  (other  things 
being  equal)  than,  for  example,  in  a  case  of  a  ship  with  a  screw 
propeller. 

On  the  other  hand,  the  flow  of  fluid  through  the  suction 
and  pressure  pipes  of  the  water-jet  propulsion  system  is  ac¬ 
companied  by  additional  hydraulic  resistances. 

The  change  in  the  direction  of  the  jet  of  fluid  discharged 
by  the  water  jet  on  a  horizontal  plane  changes  the  direction  of 
the  action  of  the  forces  absorbed  by  the  ship's  hull,  and  is 
used  as  a  steering  effect.  Therefore,  a  reversing  and  steering 
device  is  included  in  a  vrater-jet  propulsion  complex.  A  change 
in  the  direction  of  the  flow  from  the  water  Jet  in  such  a  de¬ 
vice  may  be  accomplished  within  limits  of  0  to  l8o°,  which  es¬ 
sentially  improves  the  maneuvering  qualities  of  a  water-Jet 
ship.  The  almost  complete  protection  of  the  power  plants  of  the 
water  jet,  which  are  located  within  the  ship's  hull,  is  a  con¬ 
siderable  advantage  of  this  type  of  propulsion  system  in  com¬ 
parison  to  all  other  types. 

Section  2.  Effective  Forces 

The  purpose  of  any  shipboard  propulsion  system  is  the  crea¬ 
tion  of  a  motive  force  (propulsive  force)  equal  in  magnitude  to 


9 


the  force  of  the  resistance  of  the  ivater  to  the  motion  of  the 
hull. 


We  will  recollect  the  basic  principles  of  the  theory  of 
the  resistance  of  water  to  the  motion  of  a  ship's  hull  /b7. 

Forces  of  normal  pressure,  the  equivalent  of  which  Is 
called  Archimedean  supporting  force,  act  on  a  ship  at  rest. 
During  the  motion  of  the  ship  in  a  real  fluid,  this  resultant 
deviates  from  the  vertical  direction  and  produces  a  horizontal 
component,  i.e.,  the  so-called  eddy-making  resistance  or  form 
resistance. 


As  a  consequence  of  the  viscosity  of  the  fluid,  during 
the  motion  of  a  hull  in  it,  on  the  surface  of  the  hull  washed 
by  the  fluid  a  friction  resistance  appears.  Besides  this.  In 
the  motion  of  the  ship,  waves  originate  on  the  surface  of  the 
fluid.  The  formation  of  waves  causes  a  change  in  the  distribu¬ 
tion  of  velocities  and  pressures  on  the  wetted  surface  of  the 
hull,  which,  in  turn,  causes  the  appearance  of  additional  pres¬ 
sure  forces. 

The  projection  of  the  resultant  of  these  forces  in  the 
direction  of  the  motion  of  the  hull  is  called  the  v;ave  resis¬ 
tance  .  The  sum  of  these  resistances  —  friction,  shape  (?orm),~ 
and'  wave  resistances  —  is  called  the  towing  resistance.  Its 
magnitude  may  be  determined  by  experimental  methods,  by  means 
of  towing  the  given  ship. 

If  the  ship  is  placed  in  motion  by  a  jet-propulsion  sys¬ 
tem,  the  magnitude  of  the  resistance  of  the  v:ater  to  the  motion 
of  the  hull  will  differ  from  the  towing  resistance,  since  the 
operation  of  the  propulsion  system  will  change  the  distribution 
of  velocities  and  pressures  on  the  hull.  A  correction  is  made 
for  this  change,  and  the  value  of  the  total  resistance  is  ob¬ 
tained. 

The  difference  between  towing  resistance,  found  experi¬ 
mentally,  and  friction  resistance,  calculated  theoretically, 
is  called  the  residual  resistance.  This  includes  corrections 
for  solid  angles  and  eddy  formation. 

Besides  the  resistance  of  the  water  to  the  motion  of  the 
hull  itself,  it  is  also  necessary  to  consider  the  additional 
resistance  caused  by  protruding  parts  of  the  ship. 

The  magnitude  of  the  wave  resistance  is  determined  almost 
exclusively  by  experimental  methods  /5;  15/.  lie  note  that  it 
varies  essentially  as  a  function  of  the  depth  of  the  channel  in 
the  passage  of  the  ship  from  deep  water  (h/T  >  8-10,  where  h  is 
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the  depth  of  the  channel  and  T  is  the  draft  of  the  ship)  to 
shallow  water,  or  when  navigating  in  a  restricted  channel  (for 
example,  in  a  canal).  V,’ith  a  very  shallow  channel  depth  (h/T< 
<1. 5-2.0)  in  water-jet  ships  with  a  bottom  water  intalce,  the 
phenomenon  of  the  hull  being  sucked  to  the  bottom  may  appear, 
as  a  consequence  of  the  increase  in  the  velocities  of  the  water 
and  the  decrease  in  pressures  under  the  bottom  near  the  intake 
opening  of  the  water- jet  pipe  caused  by  this. 

Reaction  between  propulsion  system  and  hull.  The  work  of  a 
jet-propulsion  system  changes  the  distribution  of  velocities 
and  pressures  of  the  fluid  on  the  hull  of  the  ship,  i.e.,  the 
magnitude  of  the  resistance  of  the  water  to  the  motion  of  the 
ship.  YJith  the  water  jet  placed  in  the  stern,  such  as,  for  ex¬ 
ample,  as  in  the  diagram  in  Pig.  5>  its  intake  opening  acts 
similar  to  a  device  for  stripping  off  the  boundary  layer,  which 
leads  to  a  decrease  in  friction  resistance.  The  exhaust  opening 
of  the  water  jet,  according  to  this  scheme,  is  located  in  the 
transom  of  the  hull,  and  the  jet  is  forced  out  in  the  vicinity 
of  the  hydrodynamic  trail  (wake)  behind  the  hull.  In  this  case, 
its  ejecting  effect  may  be  manifested,  which  will  lead  to  an 
increase  in  rarefaction  behind  the  stern,  i.e.,  to  an  increase 
in  form  resistance. 

On  the  other  hand,  the  intake  opening  captures  particles  of 
the  fluid  from  the  suction-stabilized  boundary  layer  on  the  hull, 
the  velocity  energy  of  which  is  smaller  with  relationship  to 
the  moving  ship  than  energy  of  the  particles  in  the  external 
flow.  This  reduces  the  use  of  the  energy  of  the  external  rela¬ 
tive  flow  by  the  water  jet.  The  jet  of  the  propulsion  system 
is  ejected  in  the  vicinity  of  the  wake,  the  velocity  of  which, 
relative  to  the  ship's  hull,  is  less  than  the  velocity  of  the 
external  flow,  which  also  changes  the  magnitude  of  the  useful 
thrust  of  the  propulsion  system. 

Thus,  the  operation  of  the  propulsion  system  changes  the 
flow  around  the  ship's  hull  and  affects  the  forces  acting  on 
it  from  the  fluid  side,  and  the  flow  around  the  ship's  hull, 
in  turn,  changes  the  operating  conditions  of  the  water  jet.  The 
connection  mentioned  is  usually  considered  by  the  introduction 
of  the  appropriate  reaction  coefficients  of  the  propulsion  system 
end  the  ship's  hull,  which  are  determined  experimentally. 

The  operating  efficiency  of  a  ship’s  water-jet  propulsion 
system,  like  that  of  any  other  power-generating  machine,  may 
be  estimated  by  the  magnitude  of  the  efficiency,  which  is  equal 
to  the  ratio  of  the  useful  power  obtained  as  a  result  of  its 
operation  to  the  power  expended. 

A  theory  that  is  common  for  all  jet-hydraulic  propulsion 
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devices,  the  theory  of  an  Ideal  propulsion  system,  may  be  ap¬ 
plied  to  the  water  jet,  as  was  done,  for  example,  in  the  work 
of  A.M.  Basin  and  V.N.  Anfimov  /5/.  In  this  case,  by  the  ideal 
propulsion  system  we  mean  a  certain  schematic  device,  creating 
a  jet  of  water  directed  toward  the  side  opposite  to  the  direc¬ 
tion  of  the  effect  of  the  thrust  created  in  this  case.  The  fluid 
is  assumed  to  be  ideal  /perfect/  (that  is,  deprived  of  any  vis¬ 
cosity).  In  the  operation  of  such  a  propulsion  system,  only  the 
velocities  in  the  jet  that  are  of  axial  origin  are  considered, 
without  the  presence  of  which  the  accomplishment  of  the  \«ater-jet 
principle  of  the  creation  of  thrust  would  be  impossible. 

The  dimensions  of  the  system's  hydraulic  section  has 
an  essential  influence  on  the  quality  of  its  ope  rati  onT  "By  this 
term  we  ordinarily  mean  the  area  of  the  cross-section  of  the 
jet  of  this  propulsion  device,  in  that  region  where  this  jet 
is  intersected  by  the  working  parts  of  the  propulsion  system  — 
its  blades.  In  a  water-jet  propulsion  system,  by  hydraulic  sec¬ 
tion  we  mean  the  area  of  the  exhaust  opening  of  its  pressure 
pipe  /Jet  pipe/. 

Y/ithout  going  into  details  (see  reference  /5/) ,  we  will 
note  that  the  efficiency  of  an  ideal  propulsion  system  —  the 
ideal  efficiency  —  is  usually  represented  in  the  form 


.TTv  <'•" 

2  D, 

where  w_  is  the  velocity  in  the  jet  ,  caused  by  axial  factors; 
and  Vq  is  the  speed  of  the  ship's  motion. 

In  a  water- jet  propulsion  system,  the  mean  velocity  of  the 
water  in  its  hydraulic  section,  because  of  the  continuity  of 
the  fluid,  will  be 


O,  =  O*  +  W..  (I,  2) 

In  the  theory  of  an  ideal  propulsion  system,  the  concept 
of  the  thrust  load  factor  of  the  propulsion  system  is  widely 
used: 

- £—  •  0.3) 

« 

where  Fp  is  the  area  of  the  hydraulic  section  of  the  propulsion 
system.  With  a  consideration  of  expression  (1.2),  for  a  water- 
jet  propulsion  system  /W ,  the  following  expression  may  be  ob¬ 
tained: 
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(1.4) 


1,4  ~  3  +  /\  +  2op  ' 


The  efficiency  of  a  propulsion  system  operating  in  a  ship 
in  real  conditions  is  evaluated  by  the  magnitude  of  the  propul¬ 
sive  efficiency. 


0.5) 


where  Mp  (in  kg*m/sec)  is  the  power  applied  to  the  propulsion 
plant  of  the  system  (the  power  consumed);  Pe  is  the  motive  force 
created  by  the  operation  of  the  propulsion  system  in  real  con¬ 
ditions,  i.e..  An  the  presence  of  viscosity  of  the  fluid  and 
the  reaction  between  the  propulsion  system  and  the  hull. 
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Chapter  2 

general  concepts  op  pumps 

Section  3.  Definition.  Types.  Basic  Parameters 

Pumps  are  among  the  most  widely  distributed  types  of 
machines,  and  their  diversity  in  design  is  exceptionally  wide. 
In  particular,  any  shipboard  Jet-propulsion  system,  as  Its 
basic  power  plant,  is  equipped  with  some  sort  of  pump  or  other 
(screw  propeller,  paddle  wheel,  etc.). 

The  energy  of  the  flow  communicated  to  the  fluid  by  the 
pump  is  characterized  by  three  parameters  and  is  determined  by 
the  product 

E  -  \HQ,  (2,1) 


where  'f  is  the  density  of  the  fluid;  H  Is  the  total  specific 
energy,  or  the  energy  of  one  kilogram  of  the  fluid;  and  Q  is 
the  flow  rate,  i.e.,  the  quantity  of  fluid  passing  through  the 
kinetic  section  of  the  flow  per  unit  of  time. 


The  Increment  of  the  total  specific  energy  of  one  kilo- 
gaam  of  fluid,  communicated  to  it  by  the  pump,  is  called  the 
head  of  the  pump. 


VJe  will  designate  the  specific  energy  of  the  flow  at  the 
intake  to  the  pump  (Pig.  7)  as 


and  the  specific  energy  of  the  flow  at  the  outlet  from  the  pump 

as 
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(3) 


|u*(4) 

rfit,,. 


Then  the  head  of  the  pump 
will  be 

=■  F  f  —  Ph  ~  P»  t  /  T  i  -  \  i  “'ll —  “I 

C»  C» - y - H  lZN  +  Z.)  H - 2f~  * 


(2.2> 


Pig.  7.  Diagram  of  the  meas¬ 
urement  of  head,  l)  vin  /yB  = 

=  vin  =  Vinta^e^;  2)  pin; 

3)  zin*  vout  ~  vout  = 

“  voutlet  (exhaust)-^*  5)  pout; 
zout# 

_  Wforc el^g  +  ^  + 
m*kg( force) 


Here  pin,  Zj.n,  vin  are  the  pres¬ 
sure,  height  above  plane  of  refer¬ 
ence  (marking),  and  the  velocity 
of  the  flow  before  the  pump;  Pc,vt* 
zout>  vout  are  the  same,  after  the 
pump;  7  is  the  density  of  the  fluid 
and  g  is  the  acceleration  of  free 
fall  (force  of  gravity). 

>  The  dimensionality  of  the 
right-hand  part  of  equation  (2.2) 
is: 


m^«sec* 

sec2*m 


=  z^. 


Consequently,  the  head  is  measured  in  meters  of  the  column 
of  the  fluid  being  pumped  /T.e.,  in  this  case  it  is  the  water 
head,  in  meters  HpO/« 

The  quantity  of  fluid  passing  through  the  pressure  duct 
(bend)  of  the  pump  (in  Pig.  7  the  place  where  Pout  is  measured) 
is  called  its  forced  feed  or  capacity.  The  forced  feed  (flow  rate) 
of  axial  pumps  is  usually  measured  in  nvsec. 


The  third  parameter  characterizing  the  operation  of  a  pump 
is  its  power:  that  consumed  b£  the  pump  (ll)  and  the  useful  power 
Nhyd  ffir  ~  ^hyd  =  Nhydraulic.i/.>  transferred  by  the  pump  to  the 
flow  of  fluid. 


Nr 


r  -  V HQ 
~  102 


[kwl 


]. 


(2.  3) 


The  ratio  of  useful  power  to  power  consumed  determines  the 
degree  of  perfection  of  the  conversion  of  energy  by  the  pump 
and  is  called  its  efficiency 


"r 

7T 


"  W 


(2,4> 


Consequently,  the  power  of  a  pump  is 


N 


v  HQ 
75^- 


(2.5  y 
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Z^h  ~^pum{xi7* 

Vlith  respect  to  operating  principles,  pumps  can  be  divided 
into  displacement  pumps  and  blade  pumps. 

Displacement  pumps  include  piston,  plunger,  radial-piston, 
and  axial-piston  pumps,  etc.,  with  a  bac'.c  and  forth  motion  of 
the  power  stroke  (displacement  body),  and  also  a  large  group  of 
rotary  pumps  ifith  a  rotary  motion  of  the  displacement  body  (geared, 
worm-screw,  and  others). 

Blade  pumps,  in  turn,  can  be  subdivided  into  three  basic 
groups;  the  primary  direction  of  the  notion  of  the  fluid  in  the 
blading  of  the  rotor  wheel  serves  as  the  principle  criterion  in 
this  case. 

In  the  centrifugal  pump  (Pig.  8)  the  primary  direction  of 
the  motion  of  the  fluid  in" the  rotor  wheel  is  radial  —  from  the 
center  to  the  periphery;  in  the  axial  pump  (Fig.  9)  the  motion 
is  parallel  to  the  axis  of  rotation,  i.e . ,  axial.  These  direc¬ 
tions  are  limiting.  Pumps  operating  with  an  intermediate  direc¬ 
tion  of  flow  are  a  third  group  and  are  called  diagonal  pumps. 

The  basic  elements  of  blade  pumps  are  shown  in  Pigs.  8  and 
9.  The  main  element  is  the  rotor  (blade)  wheel:  in  its  rotation, 
the  transformation  of  mechanical  energy  obtained  by  the  pump 
from  the  shaft  from  the  engine,  into  the  hydraulic  energy  of  the 
flow,  is  thus  accomplished.  The  feeding  of  fluid  to  the  wheel 
is  accomplished  by  the  intake  (suction)  duct  (channel)  or  intake, 
and  its  removal  from  the  wheel  is  accomplished  through  an  ex¬ 
haust  (pressure)  duct.  The  outlet  for  the  fluid  nay  be  spiral 
(Pig.  8)  or  bladed  (Pig.  9) .  The  latter  is  called  a  guiding 
(return-circuit )  rig. 


Pig.  8.  Diagram  of  a  centrifugal  pump. 

1)  Rotor  wheel;  2)  Casing;  3)  Intake; 

4)  Outlet;  5)  Spiral  chamber. 

All  the  elements  of  the  pump  are  enclosed  in  a  common  casing. 
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The  work  of  blade  pumps  is  based  on  a 
principle  that  is  common  for  all  types  — 
the  power  reaction  of  the  blades  of  the 
rotor  wheel  with  the  liquid  continuously 
flowing  around  them,  in  the  process  of 
which  the  mechanical  energy  is  transmitted 
from  the  blades  to  the  flow.  In  the  rota¬ 
tion  of  the  wheel,  a  pressure  difference 
(pressure  head)  is  created  along  both  sides 
of  its  blades,  and  consequently  pressure 
forces  originate  which  are  the  cause  of  a 
continuous  movement  of  the  fluid  through 
the  rotor  wheel. 

As  a  consequence  of  the  common  nature 
of  the  physical  process  of  the  transforma¬ 
tion  of  mechanical  energy  of  the  rotating 
rotor  wheel  into  hydrualic  energy,  all  types 
of  pumps  are  representatives  of  one  con¬ 
tinuous  series  of  machines  (See  Section  6). 
Thus,  it  is  sometimes  possible  to  create 
centrifugal  and  axial  or  diagonal  pumps  for 
one  and  the  same  parameters. 

In  blade  pumps,  high  speeds  of  rotation  of  the  rotor  wheels 
are  allowed,  and  consequently,  also  the  direct  connection  of 
them  to  high-speed  engines  (electric  or  internal-combustion 
engines,  or  steam  turbines).  Models  of  centrifugal  pumps  are 
available  that  operate  at  speeds  of  rotation  of  up  to  14,000- 
18,000  rpm. 

The  approximate  fields  of  application  of  different  types 
of  pumps  are  given  in  logarithmic  coordinates  in  Pig.  10. 

Section  4.  Design  Elements  of  Axial  Pumps 

A  vertical  axial  pump  of  type  "OP”,  with  rotating  rotor- 
wheel  blades,  is  shown  in  Fig.  11. 

*  The  blading  system  of  the  pump  consists  of  the  blades  of 
the  rotor  wheel  and  the  blades  of  the  return-circuit  rig.  The  ' 
~fluI<J  approaches  the  rotor  wneel  through  tne  intake  duct.  In 
the  given  case,  the  intake  is  made  in  the  form  of  an  elbow  of 
complex  shape  (not  shown  in  the  drawing) .  The  basic  function  of 
this  element  of  the  blading  of  the  pump  is  to  provide  for  feeding 
the  fluid  to  the  rotor  wheel,  with  a  homogeneous  velocity  field. 

It  is  known  (see  Section  33)  that  for  any  given  axial  pump 
the  magnitudes  of  the  head  and  the  capacity,  other  things  being 
equal,  depend  upon  the  position  of  the  blades  of  the  rotor  wheel. 


Pig.  9.  Diagram  of 
an  axial  pump,  l) 
Rotor  wheel;  2) 
Casing;  3)  Intake; 
4)  Outlet;  5)  Re¬ 
turn-circuit  rig. 
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Rotation  (change  of  the  blade  angle)  of  the  blades  leads 
to  an  essential  expansion  of  the  characteristics  of  the  pump 
with  respect  to  capacity  (See  Fig.  79) >  with  a  considerable 
increase  in  the  zone  of  its  operation,  with  high  values  of  ef¬ 
ficiency. 

A  pump  with  rigid  fastening  of  the  blades  (for  example, 
with  blades  cast  as  part  of  the  hub  of  the  rotor  wheel)  are 
called  propeller  pumps  (rigid-blade  pumps),  in  distinction  from 
rotary-blade  pumps. 

It  is  precisely  a  rotary-blade  pump  that  is  shown  in  Fig. 
11.  The  blades  are  fastened  on  the  hub  of  the  rotor  wheel  in 
cylindrical  trunnions.  Within  the  hub  is  placed  a  mechanism 
for  rotating  the  blades,  the  drive  of  which  is  enclosed  in  the 
space  between  the  halves  of  the  coupling  connecting  the  shafts 
of  the  pump  and  engine.  The  transmission  of  motion  to  the  turn¬ 
ing  mechanism  is  accomplished  by  means  of  a  rod  passing  through 
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the  central  opening  of  the  hollow  shaft. 

Between  the  peripheral  (outer)  ends  of  the  blades  and  the 
rotor-wheel  chamber,  a  radial  clearance  occurs,  the  magnitude 
of  which,  in  pumps,  is  assumed  to  be  equal  to  0.001-0.002  of  the 
value  of  the  nominal  diameter,  i.e.,  the  internal  diameter  of 
the  rotor-wheel  chamber. 

In  propeller  pumps,  the  rotor- wheel  chamber  (its  stream¬ 
lined  surface)  is  cylindrical.  Accordingly,  the  periphery  of 
the  blades  of  the  rotor  wheel  is  also  made  cylindrical.  In  a 
rotary-blade  pump  (see  Fig.  11)  the  rot or- wheel  chamber  and 
the  periphery  of  the  blades  (especially  In  large  pumps)  are 
spherical,  because  of  which  a  constancy  of  the  radial  clearance 
is  maintained  in  the  rotations  of  the  blades. 

The  return-circuit  rig  provides  for  uniform  removal  of  the 
fluid  from  the  rotor  wheel  around  its  circumference  and  radius 
and  converts  the  energy  of  the  circumferential  component  of 
the  absolute  velocity  of  the  fluid,  which  occurs  beyond  the 
rotor  wheel,  into  pressure  energy.  The  latter  is  achieved  by 
the  fact  that  the  flow,  twisted  behind  the  working  wheel  (the 
circumferential  or  peripheral  component  of  the  absolute  velocity 
of  the  fluid  is  not  equal  to  zero),  is  "untwisted"  in  this  ap¬ 
paratus  and  beyond  it  again  becomes  purely  axial. 

After  the  return-circuit  rig,  the  fluid  is  fed  through  the 
exhaust  into  the  pressure  pipe,  which  is  connected  with  the 
pump  by  the  pressure  flange. 

Propeller  pumps  are  very  simple  in  their  design.  The  blad¬ 
ing  of  the  pump,  in  essence,  is  a  section  of  cylindrical  pipes, 
and  the  pump  can  be  simply  built  into  a  common  pipe  to  which  It 
is  connected.  Therefore,  with  equal  parameters,  an  axial  pump 
has  smaller  overall  dimensions  and  lighter  weight  in  compari¬ 
son  to  any  other  type  of  pump,  which  in  shipboard  conditions 
frequently  is  of  decisive  importance. 

In  water- jet  propulsion  systems  (see  Fig.  5)  an  axial  pump 
is  organically  built  into  the  water- jet  pipe.  In  this  case,  the 
functions  of  the  intake  and  exhaust  of  the  pump  are  performed 
by  the  Intake  duct  and  the  pressure-head  duct  of  the  pipeline. 

The  dimensions  and  shape  of  the  blading  of  these  ducts  have  an 
essential  influence  on  the  quality  of  the  propulsion  system  as  a 
whole,  and  their  designing  must  be  subordinate  to  the  problem  of 
providing  the  parameters  of  the  propulsion  system  (see  Chapter  7). 

The  axial  pump  of  a  water- jet  propulsion  system  is  limited, 
in  design,  by  the  section  of  the  cylindrical  casing,  and  its  - 
axial  overall  dimensions  are  determined  by  the  dimensions  of  the 
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Pig.  11.  Vertical  axial  pump 
of  type 'OP" .  1)  Curved  intake 
pipe  —  intake;  2)  Rotor-wheel 
chamber:  3)  Blade  of  rotor 
wheel;  4)  Blade  of  return- 
circuit  rig;  5)  Lower  guide 
bearing;  6)  Exhaust  pipe;  7) 
Pump  shaft:  8)  Upper  guide 
bearing;  9)  Coupling,  with 
drive  mechanism  for  rotating 
blades;  10)  Pressure  flange. 


blading  system.  In  this  case,  the 
effect  of  the  shape  and  dimensions 
of  the  intake  and  exhaust  is  ex¬ 
cluded  .  The  head  of  such  a  pump  Is 
determined  as  the  difference  in 
total  specific  energies  in  the 
sections  beyond  the  return-circuit 
rig  and  before  the  rotor  wheel. 

Section  5.  Energy  (Power)  Losses 

The  opeation  of  a  pump,  like 
that  of  any  power  machine.  Is  as¬ 
sociated  with  energy  losses.  The 
degree  of  efficiency  of  use  of  the 
energy  of  the  drive  engine  by  a 
pump  is  determined  by  the  magni¬ 
tude  of  the  pump  efficiency  VDUmD 
/see  (2.4J7.  v  * 

Three  types  of  energy  losses 
in  a  pump  are  distinguished:  hy¬ 
draulic,  volumetric,  and  mechani¬ 
cal. 


Hydraulic  losses.  A  real  vis¬ 
cous  'fluid  'flows  in  the  blading 
of  a  pump,  and  its  motion  Is  natur¬ 
ally  accompanied  by  energy  losses 
due  to  overcoming  hydraulic  resis¬ 
tances  (see  Section  14).  Part  of 
the  energy  obtained  by  the  fluid 
from  the  rotary  vrheel  is  spent 
in  overcoming  these  resistances . 

The  total  head  of  the  pump  is 

H~Ht-  hMK, 

where  H.  ~  Ht  =  Htheoretical^7 
is  the  theoretical  head  of  the  pump 

—  the  specific  energy  received  by 
the  flovr  from  the  rotor  vrheel;  and 
kpump  Z^wa-e  “  hpUmp_r/  represents 
the  hydraulic  losses  in  the  pump. 

The  hydraulic  perfection  of 
the  elements  of  the  blading  are 
characterized  by  the  magnitude  of 
the  hydraulic  efficiency; 

-  _  H  _HT~hw)t  ,  Amt  /«  e\ 

T,r  ~hT' 
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r  ~  ^hyd  ^  hydraulic^ 


Volumetric  losses .  VJithin  a  centrifugal  pump,  two  groups 
of  volumetric  losses  occur:  1)  part  of  the  fluid  that  has  left 
the  rotor  wheel  is  again  returned  to  its  intake  through  the 
hydraulic  packing;  2)  still  another  part  of  the  fluid  takes 
care  of  the  "internal  needs"  of  the  pump:  leaks  through  the 
packing  glands,  axial-pressure  balancing  system,  etc.  Conse¬ 
quently,  more  fluid  passes  through  the  rotor  wheel  than  is  fed 
by  the  pump  into  the  circuit.  For  axial  pumps,  the  first  group 
of  volumetric  losses  is  not  characteristic.  The  presence  of  a 
radial  clearance  between  the  peripheral  edge  of  the  blades  and 
the  chamber  of  the  rotor  wheel  causes  a  number  of  complex,  so- 
called  "end"  phenomena  (see  Section  18  and  reference  V547) ,  the 
effect  of  which  refers  to  hydraulic  losses.  The  main  ‘component 
of  the  second  group  of  volumetric  losses  is  found  in  leaks,  as¬ 
sociated  with  the  operation  of  the  system  of  hydraulic  relieving 
of  axial  pressure;  they  are  characteristic  for  centrifugal  pumps 
and  are  absent  in  axial  pumps.  Purely  volumetric  losses  in  axial 
pumps  may  occur  in  water  lubrication  of  the  guide  bearings  (lig- 
num-vitae,  rubber,  or  other  bearings).  These  expenditures  are 
considered  by  the  volumetric  efficiency: 


Q'-io  _ 
<i'  ~ 


(2.7) 


So  -  ^vol  =  ^ volume tric^7  where  Q'  Is  the  quantity  of  water  im¬ 
pelled  by  the  rotor  wheel  in  one  second;  q0  is  the  per-second 
flow  rate  of  the  water  through  the  bearings. 


Usually  the  flow  rate  through  bearings  is  small,  and  the 
volumetric  efficiency  according  to  formula  (2.7)  is  greater  than 
0.99  when  obtained.  Therefore,  in  the  overwhelming  majority  of 
cases  we  assume  that  ^voi  *  1. 

Mechanical  losses.  Part  of  the  energy  communicated  by  the 
engine  to  the  shaft  oT  the  pump  is  expended  in  overcoming  mechani¬ 
cal  friction:  the  friction  in  the  bearings  and  packing  glands 
and  the  friction  of  the  rotating  shaft  and  the  surfaces  of  the 
rotor-wheel  hub  against  the  water.  The  total  power  of  the  fric¬ 
tion  within  the  pump  is 


S»  “  Nmech  =  Nmechanical^7  where  Nf#s  St,o  *  Nf.s  “  ^friction, 
supportsj7  the  P°wer  of  the  friction  in  the  supports;  and 

Nf .d  =  Nf .d  =  Nfriction.disloZ7  *s  the  disk  friction. 

The  degree  of  the  effect  of  the  mechanical  losses  in  the 
pump  is  evaluated  by  the  magnitude  of  the  mechanical  efficiency: 
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N  —  Nm 
S 


(2.8) 


H„  = 


The  power  of  the  pump,  after  subtraction  of  the  power  of 
the  mechanical  friction,  is  the  power  transmitted  by  the  rotor 
.  wheel  to  the  flow  of  fluid. 


The  total  efficiency  is  equal  to  the  product  of  its  com¬ 
ponents  : 


Section  6. 


*1h  =  = 

Conditions  of  Similarity 


Q_  \HtQ'  y//Q 
Q'  *  102iV  ~  102 N  - 

and  the  Specific 


(2.9) 

Speed 


In  recent  years,  great  progress  has  been  achieved  in  the 
theory  of  the  working  process  /cycle/  and  methods  of  hydro- 
dynamic  calculation  of  the  elements  of  the  blading  of  axial 
hydraulic  machines.  However,  the  strict  theoretical  determina¬ 
tion  of  the  course  of  the  flow  of  a  real  fluid  in  regions  with 
a  complex  form  of  boundary  conditions  still  encounters  insoluble 
difficulties. 


The  approximate  solution  of  problems  of  fluid  flow  in  an 
axial  pump,  as  yet,  is  possible  only  under  the  assumption  of 
the  fluid  being  ideal,  and  primarily  for  one  calculated  operat¬ 
ing  regime.  In  the  operation  of  a  pump,  it  is  necessary  to  know 
its  qualities  within  wide  limits  of  the  variation  of  the  basic 
parameters,  for  the  determination  of  which  model  tests  are  con¬ 
ducted.  It  is  apparent  that  the  results  obtained  may  be  used 
only  in  a  case  when  the  tests  were  performed  with  an  observa¬ 
tion  of  geometrical,  kinematic,  and  dynamic  similarity  of  the 
flows  being  investigated. 


Geometrical  similarity  may  be  reduced  to  the  idea  that  all 
the  geometrical  dimensions  of  the  blading  of  the  model  being 
Investigated  are  similar  to  the  same  ones  in  the  full-scale 
machine. 


However,  we  should  emphasize  that  the  roughness  of  the  sur¬ 
faces  around  which  the  flow  is  passing  also  must  be  included  in 
the  concept  of  the  geometrical  shapes  being  modeled. 

Kinematic  (mechanical)  similarity  assumes  similar  pictures 
of  the  flow  of- flu  id'  in  the  blading- of  the  machines  being  com¬ 
pared.  At  corresponding  points  of  the  flow,  the  absolute  velo¬ 
cities  and  their  components  —  relative  and  transfer  components  — 
must  be  proportional  in  magnitude  and  in  the  same  direction.  Con¬ 
sequently,  kinematic  similarity  is  provided  for  in  the  presence 
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of  similarity  of  the  velocity  triangles  at  the  corresponding 
points.  The  operating  regimes  of  the  pumps,  with  observation 
of  kinematic  similarity,  in  analogy  with  regimes  in  the  theory 
of  hydraulic  turbines,  will  be  called  lsogonal. 


Dynamic  similarity  may  be  reduced  to  the  proportionality 
of  the  forces  acting  on  the  corresponding  elements  of  the  volume 
of  the  systems  being  compared.  In  the  theory  of  similarity  » 
on  the  basis  of  common  equations  of  the  dynamics  of  a  viscous 
incompressible  fluid  (the  Navier-Stokes  equations),  it  is  proven 
that  with  observation  of  geometrical  similarity,  mechanical 
similarity  may  be  provided  with  an  equality  of  the  dimensionless 
criteria  of  similarity  —  the  Reynolds,  Froude,  and  Stroughal 
numbers  —  in  the  flows  being  compared: 


(2.  10) 


(2,11) 
(2,  12) 


where  v  is  velocity;  1  is  the  characteristic  dimension;  y  is 
the  kinematic  coefficient  of  viscosity;  and  n  is  the  speed  of 
rotation  (speed  of  revolution). 


A  comparison  of  formulas  (2.10),  (2.11) ,  and  (2.12)  demon¬ 
strates  that  in  the  modelling  of  the  flows  it  is  impossible  to 
observe  an  equality  of  all  the  coefficients  under  consideration 
simultaneously.  However,  we  assume  the  condition  that  the  Re, 
Fr,  and  Sh  numbers  do  not  depend  upon  each  other,  and  we  intro¬ 
duce  those  coefficients  into  the  consideration  which  character¬ 
ize  the  phenomenon  being  studied  from  the  standpoint  of  the 
main  effective  forces. 


Fulfillment  of  the  Reynolds  criterion  provides  for  propor¬ 
tionality  of  the  forces  of  viscosity  to  the  forces  of  inertia. 
Observation  of  this  criterion  is  necessary  in  the  study  of  the 
pressurized  flow  of  a  viscous  fluid,  i.e.,  pressurized  flow  in 
pipes  without  a  free  surface,  and,  consequently,  also  flows  in 
pumps. 

The  equality  of  the  Froude  numbers  provides  for  propor¬ 
tionality  of  the  gravitation  forces  (forces  of  gravity)  to 
the  forces  of  inertia.  This  criterion  Is  mandatory  In  the  model¬ 
ling  of  flows  with  a  free  surface,  such  as,  for  example,  in  the 
study  of  wave  resistance  for  a  ship  moving  along  the  surface  of 
a  fluid,  and  also  in  the  study  of  pressurized  flows  with  large 
internal  cavities  (bubbles)  such  as,  for  example,  in  highly  de¬ 
veloped  (free)  cavitation. 
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The  Stroughal  criterion  is  introduced  in  the  study  of  un¬ 
steady-state  periodic  motions  and  in  the  study  of  the  operation 
of  the  rotor  wheel  as  a  whole,  the  screw  propeller,  and  so  forth. 

We  may  demonstrate  £37 7  that,  with  the  exception  of  volu¬ 
metric  forces  (in  particular,  the  force  of  gravity),  the  equality 
of  the  Reynolds  and  Stroughal  numbers  in  the  flows  being  modelled 
leads  to  an  equality  of  one  more  dimensionless  quantity,  called 
the  Euler  number. 


Eu  — 


(2. 13) 


v/here  £  is  the  pressure  difference. 


Similar  flows  must  have  similar  velocity  triangles,  and 
consequently, 

^s.  *5. 

Cm  W*  uu  ' 

/Pm  ~  vfull  ~  vfull-scaleJ  v/t  ~  vmod  =  vmodel^7» 

Here  the  subscripts  "full”  and  "mod"  designate  the  param¬ 
eters  of  two  geometrically  similar  pumps  —  full-scale  and  model. 

We  will  designate  the  ratio  of  the  linear  dimensions  of  the 
full-scale  pump  .lfull  and  the  model  pump  by  the  coefficient 


K  _  /. 

K/-TT* 


(2.  14) 


Then  the  ratio  of  the  transfer  velocities  at  the  corre¬ 
sponding  points  is 


U» _ _  If  B, 

ii j.  «„»•*  nH  * 


(2.  15) 


since  the  ratio  of  the  annular  velocities  is  equal  to  the  ratio 
of  the  velocities  of  rotation  (numbers  of  revolutions)  of  the 
rotor  wheel. 

The  feed  of  a  pump  is  proportional  to  the  velocity  v  and 
the  area  of  the  cross-section  of  the  flow  F,  or  the  square  of 
the  linear  dimension  l2.  Prom  this,  for  similar  regimes,  the 
ratio  of  the  feeds  of~the  rotor  wheels  of  the  full-scale  and 
model  pumps  is 


B|  fit  IS*  nn 

rv?’*1!' 


(2.1® 


For  the  useful  feed  of  the  pump,  with  a  consideration  of 
volumetric  efficiencies. 
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Q.-Q.-ti  i.S=.  (2.17) 

Or,  vrith  an  accuracy  up  to  the  change  in  the  magnitude  of 
the  volumetric  efficiency, 

Q»  =  Qj.'/Ci  —  •  (2.18) 

According  to  the  equation  of  energy,  the  theoretical  heads 
H+-  created  by  the  rotor  wheels,  are  proportional  to  the  squares 
of  the  velocities  of  the  flow 


(2.  19) 


ZRt.„  -Bt 

.full  ^theoretical. full-scale! 
theoretical.  models/ 


Ht.mod 


For  determination  of  the  full  pressure  head  of  the  pump, 
it  is  necessary  to  consider  the  change  in  the  hydraulic  effi¬ 
ciency 


«■  -">•*?  (£)'•&•  (*•*» 

“^hyd.full  ^hydraulic. rull-scale;  “^hyd.mod  “ 

hy draul ic. models/ • 


Or,  similar  to  equation  (2.18),  with  an  accuracy  up  to  the 
change  in  hydraulic  efficiency  in  the  transition  from  the  model 
to  full-scale. 


H—H.-Kl  (£)’. 


(2.  21) 


The  power  consumed  by  the  pump  is  proportional  to  the  pro¬ 
duct  of  the  feed  to  the  pressure  head,  and  is  inversely  pro¬ 
portional  to  the  total  efficiency  of  the  pump, 

Nn  _  Qh  %  H w  Ym  t)M 

y*  T). 

Having  replaced  the  ratios  of  the  feeds  and  heads,  by  their 
values  from  equations  (2.l8)  and  (2.20),  we  obtain 


(2.  22) 


Go,*  “^vol.full  “ ^volumetric .full-scale! “^vol.mod  “ 
“^volumetric.  model*  “^mech.mod  “ ^mechanical. model* 

V  q  "^mech.full  “  ^mechanical, full-scale^/ 
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Or,  like  the  previous  case,  with  an  accuracy  up  to  the 
change  in  the  magnitude  of  the  mechanical  efficiency  in  the 
transition  from  the  model  to  full  scale,  and  assuming  that  the 
model  and  full-scale  pumps  operate  with  the  same  fluids  (i.e., 

'/'full  =  Tmod)  * 

Nn  (-£)*•  (2.23) 

For  the  summary  characteristics  of  the  machines  (speed  of 
revolution,  the  flow  rate,  and  the  head),  and  also  for  a 
comparison  of  the  parameters  of  different  wheels,  in  practice 
of  hydraulic  machine  building  we  use  the  so-called  specific 
speed  ns . 

The  specific  speed  is  numerically  equal  to  the  speed 
of  rotation  (number  of  revolutions)  of  the  rotor  wheel  of  the 
pump  of  a  given  scale  series  of  pumps*  /*A  scale  series  is  a 
series  of  pumps,  different  in  size,  with  hermetically  similar 
blading.  The  characteristic  dimension  of  the  pump  in  this  case 
is  the  diameter  of  its  rotor  wheel./,  geometrically  similar  to 
the  basic  one,  which,  with  a  usefuT  power  equal  to  1  horsepower} 
has  a  head  equal  to  1  m.  In  this  case,  the  assumption  is  made 
that  the  hydraulic  and  volumetric  efficiencies  are  the  same  in 
all  pumps  of  the  given  scale  series. 

From  the  concept  of  useful  power  (2.3)  it  follows  that  with 
a  density  of  the  fluid  equal  to  1000  kg(force)/m3,  the  flow  rate 
of  the  pump  is 

««“f$r"!55TT -0.07SB5/sec. 

Vie  will  assume  the  pump  with  the  parameters  indicated  above 
is  a  model,  and  designate  the  parameters  of  the  full-scale  pump 
as  Q,  N,  and  n.  ThenJ  according  to  formulas  (2.18)  and  (2.20), 
vie  obtain 

Q  =  0,075/C* 

<** 

where  Kj  is  the  modelling  scale. 

Having  excluded  Kj^,  we  obtain 


As  has  already  been  noted,  expression  (2.24)  is  valid  with 
an  accuracy  up  to  the  change  in  the  hydraulic  and  volumetric  ef¬ 
ficiencies  in  the  transition  from  one  pump  of  a  scale  series  to 
another,  which  is,  strictly  speaking,  its  shortcoming.  Hoviever, 
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such  a  simplification  gives  us  the  opportunity,  by  means  of 
the  coefficient  ns,  to  apply  experimental  data  to  all  the 
possible  scale  series  of  pumps  relatively  simply,  without 
knowing  the  design  or  the  efficiencies  of  each  pump  in  this 
series  individually. 

We  will  demonstrate  that  in  expression  (2.24)  as  accepted, 
the  specific  speed  ns  is  a  criterion  of  similarity  for  operat¬ 
ing  regimes  of  pumps  of  any  given  scale  series. 

.According  to  the  exoression  for  the  Stroughal  criterion 

(2.12), 

"  =  TS^r-.  ,  (2.25) 

Here  the  magnitude  of  the  diameter  of  the  rotor  wheel  has 
been  accepted  as  the  characteristic  dimension. 

Prom  the  equation  for  the  Euler  criterion  (2.13) 

P  _  V  Eu-o* 

We  will  express  the  pressure  difference  via  the  head 


p  =  yH. 

Then 

H  =  Eu~i-  o*.  (2,  26) 

We  determine  the  flow  rate  from  conditions  of  continuity 
of  the  flow 


Q  =  Fv, 


(2.27) 


where  F  is  the  area  of  the  transverse  (active)  section  of  the 
flow  of  fluid  in  the  blading  of  the  pump. 


Having  substituted  expressions  (2.25),  (2.26),  and  (2.27) 
into  formula  (2.24),  we  obtain 


3.65  vVF-Vo' 


DS h 


=  3,65g*/*  ~- 


I 


Sh- Euv* ' 


(2.28) 


It  Is  apparent  that  for  any  given  scale  series  the  ratio 
P/D  Is  a  constant  magnitude.  Having  combined  all  the  constants 
of  the  right-hand  part  of  equation  (2.29)  by  the  common  constant 
multiplier  Ks,  we  obtain 


Sh-  Euv* 


(2,29) 
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Consequently,  the  magnitude  of  the  specific  speed  is  a  func¬ 
tion  Of  the  Stroughal  and  Euler  criteria  of  similarity,  or  of 
the  Reynolds  and  Proud e  numbers,  since  the  Euler  number,  in  turn, 
is  a  function  of  the  latter.  In  the  operation  of  two  pumps  of 
the  given  scale  series  on  regimes  with  the  same  value  of  specific 
speed,  mechanical  similarity  of  the  flows  in  their  blading  is 
provided . 

Prom  formula  (2.2*0  it  is  apparent  that  to  any  operating 
regime  of  the  given  pump,  a  value  of  the  specific  speed  cor¬ 
responds;  each  pump  has  a  quite  definite  operating  regime,  in 
which  the  total  efficiency  reaches  its  maximum.  The  magnitude 
of  the  coefficient  n£,  calculated  for  this  regime,  is  called 
the  specific  speed  of  the  pump  and  is  the  summary  characteris¬ 
tic  of  the  pump  being  sought. 

The  magnitude  of  ns  of  a  pump  is  essentially  associated 
with  the  shape  of  its  rotor  wheel. 

Types  and  basic  design  ratios  of  rotor  wheels  for  blade 
pumps,  as  functions  of  the  magnitude  of  the  specific  speed 
of  the  pump,  are  shown  in  Pig.  12. 


Pig.  12.  Dependence  of  type  and  design  ratios 
of  bladed  pumps  upon  the  specific  speed  ns. 

Section  7.  Conditions  of  Combined  Operation  of  a  Water-Jet  Pump 
and  an  Cuter  Network: 


Any  pumping  plant  consists  of  two  parts:  the  pump,  which 
creates  the  hydraulic  energy,  and  its  external  network,  con¬ 
suming  this  energy.  The  condition  of  the  existence  of  a  steady- 
state  operating  regime  of  this  system  is  the  presence  of  its 
power  (energy)  and  material  balance. 

The  material  balance  is  provided  by  the  equality  of  the 
flow  rate  G  of  the  pump,  by  weight,  and  the  flow  rate  of  the 
network  Gnet 

0  -  G.. .  (2.  30) 


/Pc  =  Gnet  “  Qnetworki7 

For  an  incompressible  fluid,  with  a  constant  magnitude  of 
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its  density. 


Q  =  Qc-  (2,31) 

The  energy  balance  of  the  pump-network  system  assumes  an 
equality  of  energy  GpetHnet,  consumed  by  the  network,  to  that 
energy  which  is  fed  into  the  network  with  the  flow  of  fluid  from 
the  pump, 

GH  =  GeHc. 

Considering  (2.30),  we  obtain 

H  "  (2.  32) 

The  external  network  of  a  water- jet  pump  (see  Pig.  5)  con¬ 
sists  of  the  intake  and  pressure-head  sections  of  the  water-jet 
pipeline  (channel). 

In  the  network  of  a  water- Jet  pump,  the  energy  is  expended 
basically  In  the  creation  of  a  Jet  of  fluid  and  in  overcoming 
the  resistance  in  the  water- jet  channel.  In  a  general  form  we 
may  write  that  the  energy  expanded  in  overcoming  hydraulic  re¬ 
sistances  is 


^conp  —  teon?  «  (2,  33) 

where  £  res  /^canP  =  £res  =  ^resistances/  ls  the  summary  coef¬ 
ficient  characterizing  the  given  shape  and  dimensions  of  the 
pipeline. 

The  energy  expended  In  the  creation  of  a  Jet  of  fluid  in 
the  exhaust  opening  of  the  water  Jet, 

(2,34) 

/^ere  “  Ejet»  =  ^exh  =  ^exhaust^7 • 

Then  the  pressure  head  of  the  network  is 

^  ^conp  "T  ^  tux’ 


Consequently, 


lf~  KtQ*.  (2,35) 

Graphically,  the  dependence  of  the  pressure  head  of  the  net¬ 
work  upon  the  flow  rate  through  it  is  expressed  by  a  parabola 
(Pig.  13).  In  a  general  case,  its  peak  is  located  at  the  point 


29 


(p/r)stat  ZTp/r)cr  =  ( p/?' ) s ta t  =  Cp/t) static^7  a*  the  pressure- 
head  axis.  The  quantity  (p/  Jstat  is  equal  to  the  static  part 
of  the  pressure  head  of  the  network,  such  as,  for  example,  the 
height  of  lift  of  the  fluid  (in  a  water-jet  with  discharge  of 
the  water  into  the  atmosphere). 

The  equality  of  the  pressure  heads 
of  the  pump  and  its  external  network 
assumes  the  presence  of  a  common  point 
of  their  characteristics.  This  point 
is  called  the  operating  point,  or  the 
point  of  the  operating  regime.  It  may 
be  obtained  in  the  construction  of  the 
characteristics  of  the  external  network 
(curve  C)  and  the  pump  (curve  H)  on  one 
graph. 

We  will  consider  a  case  when  in 
the  external  network  there  is  a  vari-’ 
able  resistance,  such  as,  for  example. 
Fig.  13.  Characteristics  a  gate  valve  being  regulated  (variable 
of  a  pump  and  its  exter-  throttling).  Each  new  position  (opening) 
nal  network,  a)  Operating  of  the  throttle  corresponds  to  its  own 
point.  value  of  the  coefficient  Knet  ln  equa¬ 

tion  (2.35) ,  and,  consequently,  also 
to  the  shape  of  the  parabola  —  the  characteristics  of  the  network 
(dashed  curves).  In  turn,  a  new  position  of  the  operating  point, 
with  different  values  of  the  pressure  head  of  the  pump,  corre¬ 
sponds  to  each  new  position  of  the  characteristics.  The  shape  of 
the  pump  characteristics  in  this  case  determines  the  correspond¬ 
ing  change  In  its  speed. 
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Chapter  3 

BASES  OP  THE  THEORY  AND  CALCULATION  OF  THE  AXIAL  PUMP 
Section  8.  Flow  Characteristics 

An  unsteady-state  threje-dimensional  flow  of  a  viscous 
fluid  /liquid,  in  this  case/  occurs  in  the  blading  of  a  pump. 

At  the  present  tine,  the  calculation  of  such  a  flow  of  liquid 
and  the  reaction  of  the  flow  with  the  elements  of  the  pump 
around  which  it  is  flowing  is  impossible.  For  the  solution  of 
the  general  problem,  it  is  necessary  to  divide  it  into  a  series 
of  particular  problems,  having  defined  the  main  problems  that 
determine  the  phenomena,  and  having  discarded  the  secondary 
problems.  Therefore,  it  is  necessary  to  stipulate  strictly  all 
assumptions  made  in  the  calculation  of  the  flow  in  any  part 
of  the  pump. 

We  will  recollect  some  general  elements  of  hydromechanics. 
All  the  principles  expounded  below  are  given  without  their 
derivations.  The  details  may  be  obtained  from  references  /¥6 
and  497. 

Elements  and  Concepts  of  Hydrodynamics 

General  characteristics  of  the  velocity  field.  The  velocity 
field  may  be  homogeneous  or  heterogeneous .  The  degree  of  hetero¬ 
geneity  of  the  field,  at  any  given  point  of  it,  is  determined  for 
a  field  of  scalar  /linear/  quantities  with  a  gradient,  or  the 
total  derivative  or  a  scalar  function.  The  magnitude  of  the 
derivative  depends  upon  the  direction  of  differentiation.  Thus, 
a  gradient  is  a  differential  vector  of  a  scalar  field. 

The  pressure  field  Is  a  typical  example  of  a  scalar  field 
in  a  liquid.  | 

The  gradient  of  a  vector  quantity  —  a  differential  field 
tensor  —  serves  as  a  similar  characteristic  of  a  field  of  vector 


31 


quantities.  A  velocity  field  is  an  example  of  a  vector  field. 

A  change  in  the  characteristics  of  a  velocity  field  or  a 
pressure  field  at  a  given  point  in  a  space,  in  time,  is  called 
an  unste5d:/~-state  field.  Euler  proposed  that  the  homogeneity 
and  steady-state  nature  of  a  velocity  field  be  characterized  by 
two  variations  (acceleration):  local,  occurring  because  of 
variations  in  the  velocity  at  a  given  point  of  a  space  as  a 
consequence  of  an  unsteady  state  of  the  field,  and  convective, 
which  are  a  consequence  of  heterogeneity  of  the  velocity  field, 
in  which  a  particle  of  fluid  under  consideration  has  moved 
along  the  trajectory  in  a  time  dt. 

Motion  is  called  steady-state  in  a  case  when  local  varia¬ 
tions  are  lacking,  i.e.,  when  at  a  given  point  in  space,  the 
magnitudes  of  velocities  and  pressures  do  not  change  in  time. 

In  the  presence  of  local  variations,  the  flow  is  referred  to 
as  an  unsteady-state  flow. 


General  characteristics  of  a  fluid  and  its  motion.  Here  and 
in  the  future,"  the  basic  attention  will  be  devoted  to  the  study 
of  the  motion  of  an  ideal  fluid  (a  non-viscous  fluid).  In  the 
majority  of  tasks  in  nydroaynamic  calculation  of  pumps  (and  of 
turbomachines  in  general),  this  leads  to  an  essential  simplifica 
tion  of  the  calculation  schemes.  In  a  case  of  necessity,  vis¬ 
cosity  may  be  considered  by  the  calculation  of  the  boundary 
layer  or  by  the  introduction  of  various  experimental  factors. 


The  motion  of  an  ideal  fluid  is  described  by  the  differen¬ 
tial  equations  derived  by  Euler.  In  projections  on  the  axes  of 
rectangular  coordinates,  these  equations  have  the  form 


X 

Y 

Z 


1  dp  _  do,  . 
q  dz  .  dt  ' 


e 

c 


dp  _  dny  . 
dy  ~~  dt  * 

dp  _  do, 
dz  ~  dt  ’ 


(3.1> 


where  the  complete  differential  is 


do, 

dx 


do. 


do. 


do. 


JL  ri  4-  t)  -  ,  4-  -~r—— 

'  dy  '  *  dz  !  “  dt 


(3,2> 


For  dvy/dt  and  dvz/dt  the  expressions  are  similar. 


Here  X,  Y,  and  Z  are  the  projections  of  the  accelerations 
of  the  force  of  gravity  only  on  axes  x,  £,  and  z. 


In  the  vector  form  these  equations  are  described  by  the  for- 
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mala 


£~-~  grad  (/>)  =  -£-.  (3,3). 

where  "t  is  the  vector  of  the  acceleration  of  gravity;  and 

grad  (p)  is  the  hydrodynamic  pressure  gradient.  For  an  incom¬ 
pressible  liquid 


grad  {p)  =  0.  (3,  4 > 


The  Euler  equations  may  be  used  for  relative  motion.  In 
this  case,  X,  Y,  and  Z  ivill  be  algebraic  sums  of  accelerations: 
the  force  of  gravity,  g,  the  forces  of  inertia  of  the  motion 
being  transferred,  jtrans  /Jne e  ~  Jtrans  =  J transfer *7  and  the 
inertia  of  the  Coriolis  force,  jcor  /Jk0p  =  jcor  =  Jcor3LollsJ7 

Instead  o_f  an  absolute  velocity,  v;e  must  introduce  the  relative 
velocity  w  into  the  equation.  Then  equation  (3.3)  is  transformed 

into 


/ncp  +  /hop)  ~  grad  (p)  =  ~~ . 


(3.5) 


Ber  oulll’s  equation  for  an  elementary  filament  band  of 
an  lncompressiole  Ticuia.  Bernoulli's  equation  Is  an  integral 
oftne  rJuTer  equation.  With  an  imcompressible  liquid,  for  abso¬ 
lute  motion  along  the  flow  line,  it  has  the  following  form  (in 
the  differential  form): 


•1  do 
g  dt 


(3.6) 


For  steady-state  motion  (-f- =  o)  the  Bernoulli  equation 

is  an  expression  of  the  law  of  conservation  of  energy  for  an 
ideal  liquid. 

After  integration  of  equation  (3.6),  we  obtain 

2 + + ~W  =  consL  (3.7) 

For  any  given  elementary  filament  band  of  an  ideal  incom¬ 
pressible  liquid,  in  relative  motion,  the  BernoullT  Equation 
may  be  written  thus: 


P  .  D*  — 1|* 

1  +  y  +  — 2g —  =  const  =  E.  (3, 8) 

For  different  filament  bands  of  the  flow  under  considera¬ 
tion,  the  magnitude  of  the  constant  E  may  be  different. 

For  a  real  fluid,  equation  (3.7)  may  be  represented  in  the 

form: 


33 


-  .  Pi  I  I 

*»  t  V  + 


+  4r  +  "is-  + 


Here  hioss  /E„  =  hioss^Z  represents  the  losses  of  specific 
energy  between  two  sections  of  the  elementary  filament  band. 
All  the  components  of  (3.9)  are  measured  in  meters  of  the  li¬ 
quid  column  /i.e.,m  H2O7. 

Concepts  of  the  mean  and  averaged  velocities  of  the  flow. 
In  the  investigation  of  the  motion  of  a  flow  bT  liquid  with  £ 
heterogeneous  velocity  field,  we  introduce  the  conceot  of  the 
mean  flow  velocity  through  an  active  section,  the  magnitude  of 
which  is  calculated  in  accordance  with  the  formula 


v  =  -jr\  odf, 


(3, 10) 


where  F  is  the  area  of  the  active  section  of  the  flow;  and  v 
Is  the  current  value  of  the  velocity  (the  velocity  at  the  point 
of  the  field). 

Since  the  integral  jurf/  =  Q  is  equal  to  the  flow  rate  of 

the  liquid  through  the  given  active  section  (kinetic  section), 
the  mean  velocity  is  calculated  according  to  the  formula 


P.l!> 


Usually  the  averaging  sign  is  omitted  and  the  letter  v 
designates  the  mean  value  of  the  velocity. 

In  the  study  of  an  unsteady-state  flow,  for  consideration 
of  velocities  that  are  common  for  the  entire  flow,  we  introduce 
the  concept  of  averaged  velocity,  the  magnitude  of  which  is 
calculated  according  co  une  formula 


0  “*  T  j  v  dt’ 


(3, 12) 


where  T  is  the  interval  of  time  under  consideration  in  which  the 
averaging  is  performed. 

We  will  note  that  in  the  calculation  of  the  magnitude  of 
momentum  for  a  flow  with  a  heterogeneous  or  unsteady-state  velo¬ 
city  field,  it  is  necessary  to  perform  the  averaging  of  the 
squares  of  the  local  values  of  these  velocities,  since 


[A'df  +  QAdfy, 


and  for  the  positive  quantities 


l^dfc^Adfy,  *  (3J3) 

where  A  is  the  parameter  being  studied  (such  as  velocity,  for 
example). 

It  is  apparent  that  this  inequality  is  intensified  if  it 
is  not  the  second  degrees  of  the  velocities  that  are  under  con¬ 
sideration,  but  the  third  degrees,  as  occurs,  for  example,  in 
the  calculation  of  the  magnitude  of  the  energy. 

Bernoulli »s  equation  for  a  flow  of  liquid.  If  the  motion 
of  a  liquid  occurs  in  a  field  where  the  effect  of  mass  forces 
Is  felt,  which  have  a  potential  U  (the  forces  of  terrestrial 
attraction),  the  general  equation  of  motion  may  be  written  in 
Gromeko 1 s  form  by  the  vector  equation 

grad  (£/  +  p  +  -f -§- =  v  X  rot  o.  (3tl4) 


As  is  well  known,  this  equation  may  be  integrated  in  only 
two  cases: 

1)  in  potential  (vortex-free) motion  (roto  =  o); 

2)  in  steady-state  motion  (-£-  °)  and  parallelity  of  the 

vectors  v  and  rot  i.e.,  when  v  x  roto  =  0.  Then  the  integral 
of  equation  (3.1*0  takes  the  form  of  the  Bernoulli  equation 

^  +  p  +  -y-  =  const,  (3, 15) 

which  is  valid  for  the  entire  flow  of  the  liquid. 

Similarly,  in  the  study  of  relative  motion  ,  the  follow¬ 
ing  expression  may  be  obtained 

U  +  P  +  =  const.  (3, 16) 

Prom  formulas  (3.15)  and  (3.16),  with  a  consideration  of  U  » 
*  —  gz  and  (for  an  incompressible  liquid)  P  =—•  we  may  obtain 

equations  (3.7)  and  (3.8),  previously  written  for  an  elementary 
filament  band. 

It  is  necessary  to  note  that  in  the  extension  of  equations 
(3.7)  and  (3.8)  to  the  entire  flow,  as  in  the  application  of 
formulas  (3.15)  and  (3.18),  It  is  necessary  to  assume  the  values 
of  velocities  determined  by  expressions  (3.10)  and  (3.11). 
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Circulation  and  velocity  vortex.  The  circulation  of  the  velo¬ 
city  vector,  in  a  closed  curve/  with  a  definite  (selected)  direc¬ 
tion  of  flow  around  this  curve,  is  what  we  call  a  linear  inte¬ 
gral  of  the  vector  product  of  the  velocity  multiplied  by  the 
trail  element 

r  ^  (oxds)  =  j  o-cos(w,  ds)  ds,  (3,17) 

where  <Js  is  the  element  of  the  arc  of  a  curve. 

The  positive  direction  of  the  flow  around  the  contour  is 
considered  to  be  that  in  which  the  surface  bounded  by  this  con¬ 
tour  remains  on  the  left  side  in  the  flow  around  it. 

In  hydrodynamics  .the  concept  of  the  vortex  vector 

Q  =  rot y  of  the  velocity  "v  is  introduced,  with  the  projections* 


Qx  --=  2o)x  = 


do. 

dVy 

9  • 

dy 

dz  * 

do. 

do,  . 

dz 

dx  • 

dvy 

do. 

IT  ~ 

'  dy  ‘ 

(3. 18) 


The  vortex  Si  is  equal  to  the  doubled  angular  velocity  of 
rotation  of  a  solid. 

In  cylindrical  coordinates  /37»  48 ,  the  components  of  the 
vortex  vector  are  expressed  by  the  formulas 


’  dor 

d”x  V 

,  dz 

dr  )' 

da. 

d(rou)  1 . 

~df 

dz  J  • 

d(rau) 

dor  1 

dr 

<*>  J* 

(3. 19) 


We  may  prove  /J\67  that  the  flow  of  a  vortex  vector  through 
a  surface  is  equal  to  the  circulation  of  the  vector  along  a 
contour  bounding  this  surface  ( Stokes 1  theorem) . 

Velocity  potential.  The  right-hand  parts  of  equations  (3#l8) 
are  equal  to  zero,  li'~fn  the  motion  of  the  liquid  any  rotation 
of  its  particles  is  lacking.  ;s  is  well  known,  this  is  an  ade¬ 
quate  condition  for  the  existence  of  the  potential  function  , 
called  the  velocity  potential.  I 

Such  vortex- free  motion  of  the  liquid  is  called  potential 
motion. 


If  equation  (3.19)  Is  equal  to  zero,  in  a  potential  flow 
the  velocity  circulation  around  any  closed  circuit  is  also  equal 
to  zero . 

The  presence  of  isolated  vortex  tubes  in  a  flow  of  an  ideal 
liquid  does  not  disrupt  the  potential  nature  of  the  flow.  The 
velocity  circulation  around  a  closed  curve,  not  Including  a 
vortex  tube,  is  equal  to  zero,  and  around  any  circuit  Including 
such  a  tube,  it  is  constant,  and  equal  to  the  Intensity  of  the 
vortex  tube  or  the  sum  of  the  intensities,  if  there  are  several 
tubes. 


We  may  prove  ~J  that  in  the  motion  of  an  Ideal  incompres¬ 
sible  liquid  under  the  effect  of  volumetric  forces  having  a 
potential,  the  velocity  circulation  around  any  liquid  circuit 
in  a  simply-connected  region  remains  constant  during  all  the 
time  of  the  motion  (Thompson's  theorem) . 

We  will  recollect  that  a  region  is  called  simply  connected 
in  which  any  closed  circuit  may  be  coupled  without  obstacle  to 
a  point  without  intersection  of  the  boundaries  of  the  region. 

In  the  presence  of  isolated  vortex  tubes  in  a  potential  flow, 
their  surfaces  may  be  represented  as  the  boundaries  of  the  re¬ 
gion.  In  this  case  the  circuit  within  which  the  vortex  tubes 
(or  other  special  flow  points)  are  present,  cannot  be  coupled 
to  the  point,  and  the  region  is  multiply  connected. 

Plow  in  an  Axial  Pump 

Operating  regime  of  the  pump  elements.  Let  us  consider  flow 
within  a  pump  in  steady-state  operating  regimes  only. 

The  calculated  operating  regime  is  what  we  call  a  steady- 
state  regime  with  the  calculated  value  of  the  basic  parameters 
(head,  feed). 

The  blading  of  the  pump  consists  of  three  basic  elements: 
intake, rotor  wheel,  and  output.  In  this  case,  the  return-circuit 
rig  is  part  of  the  output  elements.  In  a  steady-state  operating 
regime  of  a  pump,  the  absolute  velocity  fields  in  the  intake  and 
output  are  steady-state. 

The  rotor  wheel  rotates  relative  to  the  casing.  In  order 
for  the  wheel  to  transmit  its  energy  to  the  flow  of  liquid,  the 
presence  of  a  pressure  difference  on  both  sides  of  Its  blades 
is  necessary.  In  a  rotor  wheel,  the  pressures  vary  from  the 
maximum  on  the  pressure  side  of  the  blade  to  the  minimum  on  the 
suction  side.  In  the  passage  of  a  blade  of  the  wheel  past  a  cer¬ 
tain  fixed  point  in  space,  the  curve  of  pressure  as  a  function  of 
time  will  undergo  an  interruption  in  continuity  (Pig.  14). 
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Consequently,  an  indispensible 
condition  of  the  operation  of  the 
pump  is  an  unsteady-state  nature 
of  the  pressures  and  absolute  velo¬ 
cities  in  the  region  of  the  rotor 
wheel.  However,  the  relative  mo¬ 
tion  in  the  wheel  is  steady-state. 

Thus,  in  steady- state  opera¬ 
tion  of  a  pump,  in  all  elements 
of  the  casing,  the  absolute  velo¬ 
cities  are  steady-state,  and  in 
the  region  of  the  rotor  wheel  they 
are  relative.  We  must  note  that 
what  has  been  said  is  true  only 
in  a  case  when  the  velocity  and 
pressure  fields  in  the  casing  that 
we  are  studying  are  located  at  an 
adequate  distance  from  the  rotat¬ 
ing  wheel,  where  the  unsteady- 
state  nature  of  the  absolute  flow 
caused  by  its  rotation  disappears. 

Usually  the  blades  of  the  re¬ 
turn-circuit  rig  are  placed  quite  close  to  the  rotor  wheel,  and 
the  flow  in  this  rig  is  unsteady-state  (see  Section  19).  How¬ 
ever,  in  its  calculation  we  assume  that  the  absolute  velocities 
are  steady-state. 

Assumption  of  the  independence  of  flow  in  the  elements  of 
the  pump  ."The"  motion  of  a  liquid  In  all  elements  of  "the  blading 
of  a  pump  is  mutually  connected.  But  in  the  calculation  and  de¬ 
signing  of  a  pump,  in  order  to  simplify  hydromechanical  cal¬ 
culation  of  its  elements,  we  consider  the  flow  in  the  intake, 
wheel,  and  output  as  independent. 

Velocity  triangles .  At  any  point  in  space  within  a  rotor 
wheel,  the  so-called  velocity  triangle  (Fig.  15)  may  be  con¬ 
structed.  A  condition  for  its  construction  is  the  fact  that  the 
absolute  velocity  vector  v  is  the  geometrical  sum  of  the  vectors 
of  two  velocities:  the  reTative  velocity  w  and  the  transfer 
velocity  u.  The  magnitude  of  the  latter  is 


Fig.  14.  Pressure  distribu¬ 
tion  around  the  periphery  of 
a  rotor  wheel.  a)  Development 
of  the  blades  at  section  r. 


u  *=  ra>,  (3,  20) 


where  r  is  the  radius  of  the  position  of  the  particle  of  liquid 
under  consideration;  and  o  is  the  angular  velocity  of  rotation  of 
the  wheel.  I 


In  the  velocity  triangle,  we 
consider  the  projections  of  the 
absolute  velocity  in  two  direc¬ 
tions:  the  direction  of  the  trans¬ 
fer  motion  and  another  direction 
perpendicular  to  it.  The  first 
projection  is  called  the  peripheral 
component  and  is  designated  by  the 
subscript  u  (vu),  while  the  second 
is  the  meridional,  or  axial,  com¬ 
ponent,  and  is  designated  by  the 
subscript  z  (vz). 

On  the  shape  of  a  flow  in  an  axial  pump.  In  the  blading  of 
a  pump,  the  flow  is  axially  symmetrical  before  the  rotor  wheel 
and  behind  it,  i.e.,  the  magnitude  of  the  velocities  at  each 
given  radius  Is  independent  of  the  polar  angle.  Consequently, 

to,  _  dou  _  do,  _  - 

d<p  dip  ~  dip  ~ U’ 

In  the  zone  of  the  blading  system,  the  surface  of  the  flow 
is  close  to  cylindrical.  The  assumption  of  cylindrical  flow  is 
of  equal  significance  to  the  principle  of  tne  lack  of  radial 
velocity  components,  vr  =  0.  Consequently,  there  is  no  mutual 
mixing  of  the  liquid  between  the  adjacent  cylindrical  layers; 

Then,  the  assumption  of  independence  of  flow  (i.e.,  the  lack  of 
any  mutual  influence)  in- individual”  cylindrical  layers  is 
natural. 


Pig.  15.  Velocity  triangle 
In  a  rotor  wheel. 


We  will  assume  that  the  absolute  flow  in  an  axial  pump  is 
potential . 

In  a  potential  flow  with  cylindrical  flow  surfaces,  6>u  *  0 
and  vr  =  0.  Then,  from  the  first  equation  of  expression  (3.19)# 

-^-  =  0;  v,  =  const.  (3, 21) 

Consequently,  in  this  case  the  potential  flow  is  simul¬ 
taneously  an  equal-velocity  flow  for  the  meridional  components 
of  the  absolute  velocities. 


or 


Prom  the  condition  of  axial  symmetry  of  the  potential  flow, 

to,  do,  - 

"S?-  ~W  "  °' 

Then  from  the  second  and  third  equations  of  expression  (3.19) 


to  ='— 5T--0, 
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rvu  =  const  (3,  22) 

In  ell  the  flov;  region,  both  up  to  the  rotor  wheel  and  after  it. 
Such  a  flow  is  called  an  idle  flow. 

In  the  region  of  the  rotor  wheel,  only  a  flov/  on  the  meri¬ 
dional  planes  is  potential,  and  only  the  peripheral  vortex  com¬ 
ponent  K  =  0)  is  equal  to  zero.  Since  the  radial  and  axial 
components  are  not  equal  to  zero,  in  the  region  of  the  ifheel 
rvu  /  const. 

Section  9.  The  Basic  Work  Equation 

The  Bernoulli  equation  for  relative  motion  may  be  used  for 
an  investigation  of  the  reaction  of  a  rotor  wheel  with  the  flow 
of  liquid  passing  through  it. 

The  region  of  a  rotor  wheel  is  multi-connected,  but,  how¬ 
ever,  any  liquid  circuit  within  which  there  are  no  blades  may 
be  coupled  to  a  point,  and  the  flov/  between  the  blades  is  sim¬ 
ply  connected.  What  has  been  said  makes  it  possible  to  apply 
the  Thompson  theorem  to  the  flow  within  the  wheel.  Consequently, 
if  the  flow  before  the  rotor  wheel  was  potential,  it  remains  a 
non-eddying  flov/  also  within  the  rotor  wheel  for  regions  out¬ 
side  the  blades,  and  the  Bernoulli  equation  may  be  applied  to 
these  regions. 


VJe  will  write  the  condition  of  conservation  of  energy  in 
relative  motion  for  a  particle  of  liquid  in  its  transition  from 
some  position  1  before  the  rotor  wheel  to  an  arbitrary  point  x 
within  the  wheel: 


2 g 


+  Zx-\ 


V?  —  t? 
wx  “x 

2*  • 


(3,23) 


We  will  express  the  relative  velocity  w  via  the  absolute 
velocity  v  and  the  transfer  velocity  u  (see“Fig.  15): 

»*  =  («  —  vuf  +  w* —  vl  =  o*  u'  —  2uvu,  (3, 24) 

v/here  vu  is  the  projection  of  the  absolute  velocity  in  the  direc¬ 
tion  of  the  transfer  velocity. 


as 


From  expressions  (3.23)  and  (3.24)  we  obtain 

pi  ,  T  i  Px  ,  T  i  f* 

~y~  +  *1  +  ~2g - g~  ~  +  2*  +  - g —  • 

Y/e  will  designate  the  specific  energy  in  the  absolute  motion 


U.0a 


E  ™  +  *  + 
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Then  we  will  obtain 


£  “iQ-i  _  c  Mw 
1  t ■  '  g’ 

Prom  thence,  the  increment  of  energy  is 

Alt  ,£  =  £,  —  £,=  ~  u,0,,x  .  (3.25) 

Having  extended  this  equation  to  the  intervals  from  sec¬ 
tion  1  to  section  2  beyond  the  rotor  wheel,  we  obtain  the  total 
increment  of  the  specific  energy  of  the  particle  that  has  passed 
through  the  rotor  wheel,  or,  according  to  the  definition,  the 
increment  of  its  theoretical  head, 

Alt  tE  =  Ht=  (3. 26) 

Expression  (3.2 6)  is  called  the  basic  equation  of  the  opera¬ 
tion  of  the  pump. 

This  equation  does  not  refer  to  the  flow  as  a  whole,  but 
to  an  individual  (elementary)  filament  band.  Since  for  its  deriva¬ 
tion  Bernoulli's  equation  was  used  in  form  (3.8),  it  does  not 
consider  the  hydraulic  energy  losses  and  consequently  is  valid 
only  with  an  accuracy  of  up  to  the  effect  of  the  magnitude  of 
the  hydraulic  losses  in  the  wheel  for  individual  elementary  fila¬ 
ment  bands. 

In  pumps,  as  a  rule,  we  assume  that  vu^  =  0.  Then 

//T  =  ^ ii.  (3.27) 

In  this  form,  the  equation  is  widely  used  in  the  theory  of 
pumps . 


Basic  equation  of  the  operation  of  an  axial  pump.  The  power 
developed  by  a  rotor  wheel  is  consumed  In  the  Increment  of  the 
energy  of  the  flow  of  liquid  passing  through  it.  Consequently, 

N  =  Mu. 

If  we  refer  the  magnitude  of  this  power  to  one  kilogram 
of  liquid,  and,  having  equalized  the  specific  work  to  the  theo¬ 
retical  head,  we  obtain 

//,  =  /.  =  -*£-,  (3.28) 

where  0  is  the  intake  (flow  rate)  of  the  pump,  by  weight* 

We  also  may  determine  the  magnitude  of  Ht  without  an  analy¬ 
sis  of  the  phenomena  occurring  within  the  rotor  wheel,  by  having 


applied  the  law  of  moments  of  momentum.  In  this  case,  a  con¬ 
sideration  of  the  flow  within  the  wheel  is  replaced  by  a  study 
of  its  state  at  the  outer  boundaries  of  the  region  under  con¬ 
sideration. 

If  we  follow  the  methodology  accepted  in  reference  /TO/, 
we  define  a  system  of  liquid  particles  in  the  region  of  the  rotor 
wheel  of  an  axial  pump  (Pig.  9)*  which  is  bounded  by  a  closed 
surface 

/  =  fi-i'  +  h-r  +  /i— a  -¥  A».  (3. 29) 

where  fi_n,  and  f 2-2 '  are  control  surfaces,  perpendicular  to 
the  jz-axis  of  the  pump;  fi-2  i£  the  cylindrical  surface  of  the 
rotor-wheel  chamber;  and  fv,heel  /Jk  =  "wheel  (of  blading  of  pump  )J 
if  the  surface  of  the  blading  system  of  the  \*heel  around  which 
the  flow  is  passing. 

In  a  general  form,  the  law  of  moments  of  momentum  may  be 
formulated  in  the  following  manner:  the  total  derivative,  with 
respect  to  time,  of  the  principal  moment  of  momentum  of  a  system 
of  material  particles  in  a  volume  T  bounded  by  a  surface  f  is 
equal  to  the  moment  of  all  the  external  forces  applied  to  the 
system,  taken  relative  to  one  and  the  same  axis. 

-^r  =  f  ir  (re°«) dx  +  J  df  - 

'  *  t  .  • 

=  J  rQFu  dx  +  j  rp,t ,  df.  (3, 30) 

f  f 

Here  Kz  is  the  moment  of  momentum  of  the  system  relative  to  the 
£-axis;  P  is  the  vector  of  the  mass  forces,  referred  to  a  unit 
mass;  pfjU  is  the  vector  of  the  tangential  stresses,  or  the 
force  of* friction,  referred  to  a  unit  surface. 

Vie  will  apply  the  law  of  moments  of  momentum  to  the  re¬ 
gion  defined,  and  we  will  consider  the  relative  motion  in  the 
calculated  operating  regime  of  a  pump,  i.e.,  in  steady-state 
motion.  In  this  case 

\-lriravJdT~0:  (3,31) 

« 

For  the  filament  band  of  a  current  extending  from  the  first 
control  section  1-1'  to  the  second  2-2*,  and  located  in  a  cy¬ 
lindrical  elementary  layer  at  a  radius  r, 

-  j  rQ&u™n  df  « 

=*  r  (c,t o„ twnift  -  <h<ou +  J  rawuwn  df,  (3, 32) 


where  wu  and  wn  represent  the  peripheral  component  of  the  rela¬ 
tive  velocity,  and  the  component  that  is  normal  to  the  surface. 

The  velocity  component  wn  that  is  normal  to  the  surface  f^ 
of  an  elementary  flow  tube  is  equal  to  zero,  which  makes  the 
integral  in  the  right-hand  part  of  equation  (3.32)  tend  toward 
zero,  and  the  integral  with  respect  to  f^  receives  a  negative 
sign,  because  the  normal  component  wni  has  a  direction  that  is 
the  reverse  of  the  external  normal. 

We  will  note  that  because  of  the  condition  of  continuity 

PiP*  Mi  =  P&n  -M  =  .  (3, 33) 

where  G  is  the  \*eight  flow  rate,  per  second,  of  the  fluid  along 
the  elementary  filament  band. 

Then,  for  the  filament  band  under  consideration, 

dK,  60  , 

-dT=-j-(rvut—rwtt  (3,34) 

The  moment  of  external  forces  along  the  surface  is 

AM/.  *  =  jrPr.u&f.  (3,35) 

A/ 

where  pf  u  is  the  peripheral  component  of  the  vector  of  the  sur¬ 
face  forces. 

The  moment  of  the  mass  forces,  with  respect  to  the  volume 
AT,  is  composed  of  the  moments  for  forces  of  the  weight,  centrifu¬ 
gal  forces,  and  Coriolis  force.  The  direction  of  the  centrifu¬ 
gal  forces  passes  through  the  z-axis,  and  the  moment  relative 
to  the  z-axis  of  these  forces  Ts  equal  to  zero.  The  flow  fila¬ 
ment  band  under  consideration  lies  on  a  cylindrical  surface, 
and  the  Coriolis  forces  are  equal  to  zero.  Only  the  moment  of 
the  force  of  the  weight  remains: 

Mx,t^  j  fFuQ  dx  =  J  rFt,  uq  dr.  *(3, 36) 

At  At 

Having  equalized  formula  (3.3*0  to  the  sum  of  expressions  (3.35)# 
and  (3.3°) *  we  obtain 

-y-  ('■»«  »  —  i)  =  J  «Q  *  +  J  rp,, .  df.  (3, 37) 

At  */ 

We  will  consider  that  the  sum  of  the  peripheral  component 
of  the  relative  velocity  wu  and  the  transfer  velocity  u  is  equal 
to  the  peripheral  component  vu  of  the  absolute  velocity 
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+  «;  uvj  =  vu  —  a. 

Consequently,  we  obtain 

AAf,t ,  +  AAftl  =  |  UQ  dr  f  [  rpft  „  df  = 

=  T"  [r  (w“  *  ~  Wt)  ~  r  (w« 1  _  “»>] =  T-  (ra«  *  “  rt'“  l)‘  (3, 38) 

We  will  extend  the  results  obtained  for  an  elementary  fila¬ 
ment  band  to  the  entire  region  defined,  considering  it  as  con¬ 
sisting  of  a  totality  of  elementary  filament  bands, 

f  rFt.  uQ  dx  +  |  rpr,  udf  =  yi~(rju ,  —  rou  (3. 39) 

T  / 

Vie  will  introduce  the  concept  of  the  mean  value  of  the 
moment  of  velocity,  the  magnitude  of  which  is  calculated  simi¬ 
larly  to  the  value  of  the  mean  velocity  (3.10).  Then,  omitting 
the  averaging  sign,  we  will  have: 

rvui)  =  -g-(rvai—roul).  (3,40) 

lie  will  consider  the  external  forces  acting  on  the  region 
defined . 

The  moment  of  surface  forces  is 

M/  =  !''Pr.*df==$rp,tUdf+  J  rpftUdf  + 
f  *  h-v 

+  I  'Pt.udf  +  J  rpf  udf.  (3,41) 

h-r  /«-* 

Here  the  integral  with  respect  to  the  surface  of  the  wheel 
Is  equal  to  the  moment  of  reaction  of  the  blades  with  the  flow 

\rP\,ud\  —  Af„.  (3.42)! 

■ 

The  control  surfaces  1-1 »  and  2-2*  are  perpendicular  to  the 
z-axis.  Normal  forces  along  these  surfaces  are  parallel  to  the 
z-axis,  and  their  moment  relative  to  it  is  equal  to  zero.  In 
the  calculated  operating  regime  of  the  pump,  the  tangential 
forces  —  the  forces  of  friction  within  the  liquid  —  on  the  con¬ 
trol  surfaces  may  be  assumed  to  be  equal  to  zero.  Thus,  the 
second  and  third  integral  of  the  right-hand  part  of  equation 
(3.4l)  are  equal  to  zero. 
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Consequently, 


7 "«. i)  =  Mk  +  Mr,  M.  (3, 43) 

This  equation  was  obtained  with  one  limitation  —  the  pre¬ 
sence  of  a  steady-state  calculated  operating  regime  of  the  pump. 
In  this  case,  the  moment  of  the  reaction  of  the  wheel  with  the 
flow,  Mwheel *  is  equal  to  the  mean  variation  / in  the  sense  of 
expression  [3.10)7  of  the  moment  of  momentum  of  the  flow  in  the 
region  of  the  rotor  wheel,  with  a  consideration  of  the  forces 
of  friction  of  the  liquid  against  the  surface  of  the  rotor-wheel 
chamber  of  the  pump. 


We  will  determine  the  specific  work  of  the  rotor  wheel. 


Prom  equations  (3.43)  and  (3.29),  with  a  consideration  of 
expression  (3.20),  we  will  obtain 


G  ■  • 

•“*  -  -  Mr,  w . 

/  _  VujUt  —  ouxu,  01  , . 

e  g  ^t»  !-*• 


(3.44) 


Having  equalized  the  specific  work  to  the  theoretical  head 
of  the  wheel,  according  to  the  principle  of  conservation  of  energy 
we  will  introduce  beyond  the  integral  sign  the  constant  magni¬ 
tude  of  the  radius  of  the  cylindrical  surface  1-2,  considering 
that  in  axial  pumps  the  flow  before  the  rotor  wheel  is  not  twisted 
i.e.,  vui  =  0;  then  we  finally  obtain 


Hr  =  ?*f—*g-  j  p,,Hdf.  (3,45) 

'  /i-i 

Expression  (3.45)  is  the  basic  equation  of  the  operation 
of  an  axial  pump.  It  differs  from  equation  (3.27),  which  was  ob¬ 
tained  earlier  by  means  of  applying  the  energy  equation  for  an 
ideal  liquid.  In  the  derivation  of  equation  (3.27),  the  reality 
of  the  liquid  was  considered  by  introduction  of  the  concept  of 
theoretical  head  H  =JL,  which  considers  energy  losses  in  the 

T  ’K  ’ 

blading  of  the  pump. 

Equation  (3.45)  was  obtained  directly  for  a  viscous  liquid, 
which  made  it  possible  to  ascertain  the  effect  of  additional 
losses  of  head  due  to  the  friction  of  the  liquid  against 
the  surface  of  the  rotor-wheel  chamber:  the  force  pf,u  *s  the 
projection  of  the  force  of  friction  of  the  liquid  at  this  sur¬ 
face  in  a  peripheral  direction.  Integration,  in  this  case,  must 
be  performed  with  respect  to  a  cylindrical  surface,  within  the 
limits  of  which  the  operation  of  the  rotor  wheel  is  felt,  I.e., 
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practically  from  the  intake  to  the  blades  of  the  rotor  wheel  to 
the  intake  of  the  return-circuit  rig  to  the  blades. 

In  reference  /%8 7,  the  basic  equation  was  derived  similarly 
to  the  derivation  of  formula  (3.45),  i.e.,  with  the  application 
of  the  lav;  of  moments  of  the  quantity  of  energy  /i.e.,  momentum7 
but  this  conclusion,  like  those  of  all  the  other  authors,  was 
made  for  a  centrifugal  wheel.  A  similar  derivation  is  made  /37; 
12/  in  the  theory  of  hydraulic  turbines  for  a  radial-axial  wheel.' 
In  this  case,  naturally,  the  equation  obtained  is  similar  to 
expression  (3.27). 


Estimate  of  the  effect  of  an  additional  term  of  the  equa 
tlon  on  the  magnitude  of  the  theoretical  head,  Formula  (3.45) 
may  be  rewritten  in  the  form 


(3.46) 

(3.47) 

is  the  specific  energy  lost  in  the  friction  of  the  liquid  against 
the  surface  of  the  chamber. 


or 


where 


Hr  =  —  A//t> 

"•(l  +  4r)“-s7a. 

h-i 


The  value  of  integral  (3.47)  cannot  be  directly  calculated, 
since  the  lav;  of  the  variation  of  the  velocity  along  the  surface 
of  the  chamber  is  unknown.  Besides,  the  absolute  flow  on  this 
surface  is  not  a  steady-state  flow  in  the  region  of  the  rotor 
wheel.  However,  it  is  entirely  possible  to  estimate  this  quan¬ 
tity  in  approximation,  if  we  make  the  assumption  that  the  power 
losses  due  to  friction  differ  Insignificantly  in  magnitude 
from  the  losses  calculated  with  respect  to  the  mean  velocity 
beyond  the  wheel.  We  will  consider  that  the  friction  path  de¬ 
pends  upon  the  angle  of  inclination  of  the  velocity  V2»  Then, 
in  approximation. 


L 

D  sin  a,  ' 


(3.48) 


where  ^  is  the  friction  resistance  factor  along  the  length  of 
the  pipeline;  L/sin«2  is  the  equivalent  length  of  the  pipe;  eig 
is  the  angle  of  inclination  of  the  velocity  v2,  determined  with 
respect  to  the  peripheral  section  of  the  wheel;  and  D  is  the 
nominal  diameter  of  the  wheel. 


Prom  the  velocity  triangle  it  follows  that  • 
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We  will  consider  each  of  these  components.  Prom  the  condi¬ 
tion  of  continuity 

ri  —  r.  —  *  Q 

**  —  ~  —</*)»  -  (3, 49) 

where  d  =  -^-  is  the  hub-tip  ratio  /&„.  =  Dhub  =  E>hub-tip^7  of 
the  rotor  wheel. 

The  peripheral  component  of  the  velocity  vU2  may  be  deter¬ 
mined  with  an  adequate  degree  of  accuracy  according  to  the  basic 
equation  in  its  ordinary  form  (3.27)  and  upon  condition  that  vui 

=  0,  i.e., 

T  %  g 


Vie  will  replace 


“a  —  11  =  ~2  »  =  "cD/f, 


where  n  is  the  number  of  revolutions  of  the  wheel  per  second. 


Then 

Consequently, 


uut 


iff 

tlr.nO/l 


*1 


( 


gH 

t)r.nO/t 


r  «?  i» 

L  siO*  (I  —  d*)J 


(3,50) 

(3. 51) 


The  bases  of  the  generalization  of  pump  characteristics  are 
explained  below  (Section  13).  Vie  will  use  the  concepts  of  the 
pressure-head  coefficient  /formula  (6.38)7  and  volumetric  effi¬ 
ciency  /Formula  (6.37 J7>  i.e.,  we  will  assume  that 

H  =  /CtfiV?*; 

Q  =  Kq fiD*. 


Having  substituted  these  expression  in  formula  (3.51)#  we 
obtain 

.  (3.52) 

We  will  consider  the  relative  magnitude  of  power  loss. 

Vie  will  substitute  expression  (3.51)  into  formula  (3.48) 
and  replace  the  head  by  the  coefficient  Kjj; 


"TT"  =  *"TT  2*“s!n  aT  {(  nfe")  * "  +  [  *  <»  -  d2)  ]  Kh  l  *  (3,53) 


The  coefficients  Ka  and  Kq  are  associated  with  the  specific 
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speed  by  the  dependence 


", 


219  V7(q 

<*„)*'.  *• 


We  will  express  Kq  via  ns  and  Ky  and  substitute  them  into 
formula  (3.53).  After  simple  transformations,  we  obtain 


A  H 
H 


-  *  4  2^ksr ((iSr)1  Kfi + [ to W)  ] *  (w)4  *«}• 


(3.54) 


The  quantities  ns,  Kjj,  and  d  (see  Chapter  4)  are  connected 
with  each  other,  if  we  consider  their  values  in  the  maximum  ef¬ 
ficiency  of  the  pump,  which  usually  corresponds  to  the  calcu¬ 
lated  value  of  Hfc.  This  makes  it  possible  to  estimate  the  tenta¬ 
tive  magnitude  of  AH/H  (with  the  assumptions  made  above)  (see 
Figs.  38,  39,  and  40). 


Por  a  quantitative  estimate,  we  will  assume  the  following 
mean  values  of  the  quantities  for  the  peripheral  section  of 
the  rotor  wheel: 


hydraulic  efficiency  -  %yd.per  c*  0.85  finr, neP  =^hyd.per  * 
~  “v hydraulic  .peripheral^/* 

relative  axial  line  of  the  integration  section  (from  the 
intake  to  the  blades  of  the  \*heel  to  the  intake  to  the  blades 
of  the  apparatus)  L/D  0.4; 

mean  value  of  the  angle  «2per  finer  ^*per  =  ^peripherals 
from  20  to  35°  and  sin  «2per^  8:34-0.57; 

we  will  assume  the  friction  factor  ^-*0.018. 

Having  substituted  these  values  into  formula  (3.55),  after 
calculation  of  all  the  constants,  we  obtain 

Tr-ioon  =(0.108-0, 0644)[l3.6/C//+T|gr(-^-)1^]. 

(3,55) 

The  results  of  the  corresponding  calculations  according  to 
formula  (3.55)  demonstrate  that  aK/H  increases  as  the  specific 
speed  grows  (Pig.  l6).  For  ns  <1200,  this  correction  does  not 
exceed  (0. 4-0.7)  percent.  Consequently,  in  the  calculation  of 
conventional  axial  pumps,  it  is  entirely  permissible  to  use  the 
basic  equation  in  the  conventional  form,  i.e.,  without  the  addi¬ 
tional  terra,  according  to  formula  (3.27;. 

As  was  already  indicated,  a  water-jet  pump  differs  from  a 
conventional  pump  in  the  fact  that  its  axial  dimensions  are 
limited  by  the  outlet  from  the  return-circuit  rig.  The  outlet 
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Fig.  l6.  Tentative  magnitude  of  additional 
term  ZkH/H  according  to  formula  (3.55). 

A)  Coefficient  0.108;  B)  coefficient  0.064.  . 

(pressure-head)  diffuser  is  lacking.  Because  of  this,  the  value 
of  the  tern  of  the  basic  equation  under  consideration  increases 
essentially.  This  refers  especially  to  pumps  of  Increased  speed, 
used  in  slow-speed  ships,  such  as  tugs,  for  example.  Unfortunately 
as  yet  only  a  small  amount  of  experience  in  the  development  of 
such  pumps  has  been  accumulated,  which  does  not  give  us  the  op¬ 
portunity  of  performing  any  general  analysis.  A  water- jet  pump 
of  type  OD-2,  developed  at  the  Leningrad  Poly technical  Institute, 
is  described  below.  For  this  pump,  the  quantity  dH/H  =  (l. 9-3.1) 
percent,  which  already  is  large  enough  so  that  we  must  not  fail 
to  consider  it. 


From  this  it  follows  that  in  the  development  of  axial  water- 
jet  pumps,  especially  those  running  at  increased  speeds,  it  is 
necessary  to  assume  the  basic  equation  of  the  operation  of  the 
pump  is  like  formula  (3.^6). 

Section  10.  Plane  Flow  Around  a  Single  Profile 

Flow  around  a  cylinder.  In  hydromechanics  /^6/f  flow  around 
an  infinite  round  cylinder  by  a  plane  flow  of  an  ideal  liquid 
has  been  investigated  in  detail.  The  basic  physical  results  of 
this  investigation  may  be  reduced  to  the  following  principles. 

1.  In  flow  around  a  cylinder  by  a  plane  flow,  of  an  ideal 
liquid  (Fig.  17,  a)>  the  flow  bifurcates  at  critical  points:  the 
intake  Oi  and  the  outlet  O2,  located  at  the  diameter  of  the  cy¬ 
linder  parallel  to  the  direction  of  the  velocity  at  infinity,  v«-. 


In  this  case,  the  total  pressure  force  of  the  flow  on  the  cylin¬ 
der  from  the  liquid  side  is  equal  to  zero,  which  is  a  result  of 
the  symmetricity  of  the  flow  picture  on  the  right  and  left  sides 
of  the  cylinder. 

We  will  note  that  actually  in  the  flow  around  a  body  by  a 
real  liquid,  a  force  parallel  to  Voo  originates  on  it.  This  non- 
correspondence  is  the  content  of  the  famous  D'Alembert  paradox. 

2.  In  the  superposition  of  two 
elementary  flows  -  plane  and  circula¬ 
tory  (Pig.  17,  b)  ~  their  velocities 
at  every  point  Tn  space  will  be  geo¬ 
metrically  added.  This  leads  to  the 
fact  that  on  the  upper  half  of  the 
surface  of  the  cylinder  (in  the  direc¬ 
tion  of  the  circulatory  flow  assumed 
in  the  drawing)  the  velocities  increase, 
and  in  the  lower  half,  they  decrease. 
Consequently,  the  critical  points,  i.e.f 
points  where  the  value  of  the  velocity 
is  zero,  move  downward  from  the  diam¬ 
eter. 

The  velocity  at  the  upper  point 
A  becomes  greater  than  the  velocity 
at  the  lower  point  B.  Having  applied 
Bernoulli's  equation  along  the  flow 
lines,  we  determine  that  at  point  B 
the  pressure  is  greater  than  at  point 
Pig.  17.  Flow  around  a  A.  Consequently,  in  the  flow  around 
round  cylinder  by  a  plane  the  cylinder  by  an  ideal  fluid,  under 
flow  of  an  ideal  liquid:  consideration  now,  a  lift  acts  on  it, 

a)  Without  circulation;  directed  perpendicularly  to  the  velo- 

b)  With  circulation.  city  at  infinity.  It  is  apparent  that 

the  magnitude  of  this  force  will  be 
proportional  to  and  T.  According  to 
the  well-known  theorem  of  N.Ye.  Zhukovskiy  /J oukokowski/, 

R  =  ou-r. 

A  proof  of  this  theorem  is  given  in  reference 

3.  We  will  consider  the  streamlined  flow  with  an  additional 
condition.  Let  us  assume  that  the  position  of  the  separation 
point  of  the  flow  O2  remains  unchanged  in  any  direction  of 
relative  to  the  cylinder  around  which  the  flow  is  passing,  riien 
the  direction  \4*o,  parallel  to  the  horizontal  diameter,  corre¬ 
sponds  to  the  first  case  of  this  streamlined  flow,  and,  conse¬ 
quently,  r  =0.  In  different  directions  of  vM  with  relationship 
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to  the  direction  of  Vooq,  this  condition  may  be  accomplished  only 
in  the  superposition  of  circulation,  the  magnitude  of  which  is 
proportional  to  the  angle  i^  between  the  directions  ^  and  \{»q. 

Plow  around  a  wing  section.  In  Pig.  18,  a,  a  picture  of 
the  flow  around  a  wing  section  by  a  plane  flow  of  an  ideal  li¬ 
quid  is  given.  The  velocity  circulation  around  the  section  /pro¬ 
file/  is  equal  to  zero.  The  lift  is  also  equal  to  zero. 


The  separation  point  of  the  flow  is  located  on  the  convex 
surface  of  the  section.  Such  a  flow  around  the  profile  by  an 
ideal  liquid  is  possible,  but  in  this  case  on  the  right  sharp 
edge  there  will  be  infinite  velocities.  In  a  real  liquid,  a 
flow  with  infinitely  high  velocities  is  impossible. 


Similar  to  the  flow  around  a  cylinder,  the  superposition 
of  a  circulatory  flow  on  the  flow  moving  around  a  profile  may 
move  the  separation  point;  in  this  case,  a  lift  originates  on 
the  section.  If  the  separation  point  is  moved  to  the  trailing 
edge,  the  velocities  at  the  sharp  edge  will  have  a  finite  magni¬ 
tude  (Fig.  18,  b). 


Pig.  18.  Plow  of  a 
plane  flow  of  an 
ideal  liquid  around 
a  wing  profile,  a) 
without  circulation; 
b)  with  circulation. 


In  a  real  liquid,  the  point  where  the 
flow  separates  from  the  section  can  only  be 
its  sharp  trailing  edge.  This  principle  is 
the  content  of  S.A.  Chaplygin's  postulate. 

If  a  potential  flow  is  moving  around 
the  profile,  the  velocity  circulation  around 
any  liquid  circuit  not  including  the  pro¬ 
file  must  be  equal  to  zero.  In  particular, 
this  refers  to  the  circuit  S  in  Pig.  19,  a.. 
On  the  other  hand,  the  velocity  circulation 
round  any  circuit  including  a  profile  is 
constant  and  is  equal  to  the  T  of  the  pro¬ 
file.  Consequently,  RP  b9a  From  this 
it  is  apparent  that  the  circulation  origi¬ 
nating  in  the  flow  around  a  section  with  a 
sharp  edge  is  concentrated  near  the  surface 
of  the  profile  in  its  boundary  layer,  i.e., 
in  a  thin  layer  of  the  liquid  flowing  around 
the  profile  in  which  its  viscosity  has  an 
essential  effect. 


The  nature  of  the  origin  of  eddies  in  the  boundary  layer 
becomes  understandable  if  we  remember  that  within  the  limits  of 
its  thickness  the  magnitude  of  the  velocity  of  the  particles  of 
liquid  varies  from  zero  at  the  surface  Itself  to  the  value  of 
the  velocity  in  the  flow  at  the  boundary  of  the  layer. 
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Thus,  the  viscosity  of  the 
liquid  is  the  cause  of  the  origin 
of  circulation  on  the  profile, 
and  the  presence  of  a  sharp  trail¬ 
ing  edge  equally  determines  the 
magnitude  of  the  circulation  and 
provides  for  stability  of  the 
flow  around  the  profile. 

N.Ye.  Zhukovskiy  proposed  that 
the  eddies  distributed  on  the  sur¬ 
face  of  the  profile  be  replaced  by 
an  eddy  of  equal  intensity,  con¬ 
ditionally  placed  in  the  center  of 
the  profile,  and  called  it  the 
bound  eddy  (bound  vortex). 

In  the  change  of  the  direction  of  the  flow  running  onto  the 
profile,  in  flow  around  the  profile  without  any  separation,  the 
separation  point  retains  its  position  on  the  trailing  edge,  which 
corresponds  to  the  case  considered  above,  of  a  flow  around  a 
cylinder  with  a  fixed  second  critical  point.  In  this  case,  the 
values  of  the  circulation  and  the  lift  change: 

-  r  =  4xammvm  sin  *';  (3,  56) 

R  =  c4.-ta/n«uL  sin  i:  (3,  57) 

Here  the  magnitude  of  am«]  characterizes  the  geometry  of  the  pro¬ 
file  around  which  the  flow  is  passing. 

In  Pig.  20  the  basic  elements  of  the  profile  needed  in  the 
consideration  of  the  flow  around  it  are  shown.  The  geometrical 
position  of  the  centers  inscribed  on  the  profile  of  circumfer¬ 
ences  (centers  of  thicknesses)  Is  called  the  median  line  of  the 
section.  The  latter,  is  frequently  the  profile  of  the  circum¬ 
ference.  A  straight  line  passing  through  the  trailing  edge  and 
the  center  of  the  median  profile  of  the  section  coincides  with 
the  direction  of  non-circulatory  flow  around  the  profile.  The 
angle  i  between  the  non-circulatory  direction  and  the  velocity 
at  Infinity  v^  is  called  the  aerodynamic  angle  of  attack. 

Since,  in  practice,  it  is  very  difficult  to  measure  this 
angle,  the  geometrical  angle  of  attack  is  introduced  into  the 
consideration: 

.  « =  *-4-.  (3.58) 

where  Is  the  angle  between  the  chord  of  the  section  and  the 
tangent  to  the  median  profile  at  Its  end,  characterizing  the 
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Pig.  19.  Velocity  circula¬ 
tion  around  a  profile:  a) 
f3l  =  0;  b)  r„  "  r„-  r. 
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Pig.  20.  Basic  ele¬ 
ments  of  a  section 
/wine  or  blade  pro¬ 
file/. 


curvature  of  the  profile,  and,  consequently, 
also  the  section. 

Usually  the  angle  $  is  called  the  angle 
of  attack  for  short. 

It  is  apparent  that  in  a  flow  around 
a  section  by  a  real  liquid,  besides  lift, 
the  force  of  resistance  also  originates, 
directed  parallel  to  the  velocity  at  In¬ 
finity  (Fig.  21).  The  total  force  R  acting 
on  the  streamlined  section  may  be  composed 
of  the  lift  Y  and  the  force  of  resistance  X. 

Usually  in  experimental  aerodynamics 
it  is  not  the  forces  Y  and  X  themselves  that 
are  considered,  but  their  relationship  to 
the  velocity  head  of  the  Incident  flow 
(overtaking  flow)  :  and  the  length 

of  the  chord  .1.  These  ratios  are  called  the 
lift  coeffi  ’  .ent  Cv  and  the  resistance  coef¬ 
ficient  Cv .  y  " 


e-f-J 


•4-*; 


(3.59) 


(3,60) 


_[  A  plate  may  serve  as  a  par- 

i  __ — p - —  ticular  case  of  a  streamlined  blade 

_ _ i _  1  section,  and  the  section  may  be 

“•  replaced  by  an  equivalent  plate, 

the  lift  on  which  is  equal  to  the 
Pig.  21.  Diagram  of  the  lift  on  the  section  replaced.  For 

forces  acting  on  a  blade  a  flov;  around  the  peripheral 

section.  profiles,  we  may  show  that  an 

equivalent  plate  is  oriented  in 
the  non-circulatory  direction  of  the  profile  and  the  length  of 
the  plate  is  equal  to  21^.  In  this  case 

C„  a,  =  2jtsin/. 

*  cy,pl  =  °y*pla te^7 

Or,  at  low  angles  of  attack,  when  sin  1^1, 

c»,  n,  =  2n(.  (3,61) 
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The  value  of  am**  of  each  given  section  depends  upon  its 
geometrical  characteristics.  The  magnitudes  of  Cy  and  Cx  are 
usually  determined  experimentally  by  testing  the  sections  in  a 
wind  tunnel.  The  results  of  such  tests  are  represented  by  the 
appropriate  graphs,  similar  to  the  one  given  in  Fig.  22.  Some¬ 
times  both  curves  of  Cy  and  Cx  can  be  combined  into  one  (Fig.  23)# 
called  the  polar. 


Fig.  22.  Dependence  of  the  lift 
and  resistance  coefficients  upon 
the  angle  of  attack. 


The  comparison  of  the  flow  around  a  blade  section  and  a 
round  cylinder  is  not  simply  a  consideration  of  a  physical 
analogy.  II .Ye .  Zhukovskiy  laid  the  foundations  for  a  consider¬ 
able  number  of  theoretical  methods  of  investigating  flow  around 
sections^ having  as  the  basis  of  his  theories  conformal  repre¬ 
sentations  of  the  sections  on  a  circle  and  an  outer  flow  region 
around  the  section,  in  the  outer  flow  region  around  a  round  cy¬ 
linder.  The  latter,  in  its  final  form,  is  solved  simply  by 
methods  of  modern  hydromechanics 

Section  11.  The  Operation  of  a  Section  In  a  Plane,  Straight,  In¬ 
finite  Lattice  (Basic  principles) 


Definition.  Velocity  triangles.  By  using  cylindrical  flow, 
we  represent  ah  element  with  two  coaxial  cylinders  with  radii 
r  and  r  +  dr  in  the  region  of  the  rotor  wheel  of  an  axial  pump 
"(Fig.  24)  and  project  the  elementary  layer  obtained  on  a  plane. 

For  conservation  of  flow  symmetry,  we  continue  the  projection 
obtained  /T.e.,  the  development/  to  both  sides,  to  infinity.  As 
a  result  we  obtained  tne  so-caTled  plane, straight,  infinite  lattice 
of  sections  (Fig.  25).  ■* 


V 


54 


Pig.  2k.  Cylindrical  sec-  Fig.  25.  Straight  lattice  of 

tion  of  the  blading  of  a  sections, 

pump. 


The  most  important  design  characteristics  of  the  lattice 
are:  pitch  t  =  2tfr/Z,  where  Z  is  the  number  of  blades  in  the 
rotor  wheel,  and  r  is  the  radius  of  the  cylindrical  section; 
the  solidity  of  tHe  lattice  is  l/t;  the  angle  of  incidence  of 
the  section  in  the  lattice  is  cC  and  the  curvature  of  the  sec¬ 
tion  is  p. 


The  main  difference  in  flow  around  an  infinite  straight  lattice 
of  sections  from  a  flow  around  a  single  section  lies  in  the  fact 
that  the  lattice  of  sections  turns  the  flow,  i.e.,  the  direc¬ 
tion  of  the  velocity  before  the  lattice  (v^)  and  beyond  (v*^) 
is  different,  while  it  remains  unchanged  before  a  single  section 
and  after  it. 


The  axis  of  the  lattice  for  the  rotor  wheel  coincides  with 
the  direction  of  the  transfer  motion.  In  this  case,  as  a  conse¬ 
quence  of  the  cylindrical  nature  of  the  flow,  u^  =  U2»  'The  axial 
velocity  components  before  the  lattice  and  after  it,  because  of 
the  condition  of  continuity  of  the  flow,  are  also  equal  to  each 
other,  which  makes  it  possible  to  superimpose  the  velocity  tri¬ 
angles.  The  results  of  such  a  superposition  are  shown  in  Fig.  26. 

The  mean  geometrical  relative  velocity  in  the  lattice  w_.  « 

»=  J£}  +  w*  >  is  called  the  velocity  at  infinity,  and  in  the  theory 

of  lattices  plays  the  same  part  as  the  velocity  ^  in  the  flow 
around  a  single  section. 

Velocity  circulation  around  a  section  in  a  lattice.  We  will 
define  a  circuit  around  the  section  (see  Fig.  2p)  consisting  of 
two  flow  lines  1-2  and  l'-2‘,  located  at  distance  of  one  pitch 
from  each  other,  and  two  straight  lines  1-1'  and  2-2',  parallel 
to  the  axis  of  the  lattice.  The  velocity  circulation  is  deter¬ 
mined  by  formula  (3.17).  Thus  it  may  easily  be  demonstrated  that 
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Pig.  26.  Velocity  triangles 
before  a  lattice  of  sections 
and  after  the  lattice. 


axially  symmetrical  flow,  and 
flow  before  the  rotor  wheel  an 
H(r)  =  const.  Because  of  this, 
rewritten  in  the  form 


the  magnitude  of  the  circula¬ 
tion  around  the  circuit  defined 
is 

r  =  —/  (wut  —  wuJ, 

since  the  circulations  along  lines 
1-2  and  2-1  are  equal,  but  oppo¬ 
site  in  sign,  or,  with  a  considera¬ 
tion  of  the  velocity  triangles 
(see  Pig.  26), 

r  =  M#,i-a  (3.62) 

Connection  of  the  pressure 
head  on  the  wheel  with  the  velo¬ 
city  circulation.  We  have  obtained 
expressions  (3.21)  and  (3.22) 
above  for  a  potential  cylindrical 
;hese  expressions  are  valid  for  the 
3  after  it,  and  also  the  condition 
the  basic  equation  (3.26)  may  be 


fiT  =  -^-(vut~vul).  ‘  (3,63) 

From  a  comparison  of  expressions  (3.63)  an^  (3.62)  it  is 
apparent  that  -  .  .  % 


or,  with  a  consideration  of  t  =  =j-, 

^-"■sSrv  <3’64) 

where  r  is  the  velocity  circulation  around  one  blade;  and  Tz  is 
the  same  around  the  entire  wheel. 

Forces  acting  on  the  section  in  the  lattice,  during  the  flow 
of  an~ideal  liquid”  around  it,  are  determined  by  N.Ve.  Zhukovskiy1"^ 
theorem  237; - 

As  a  result,  expressions  are  obtained  for  projection  of  the 
force  acting  on  the  section  from  the  side  of  the  ideal  liquid 
flowing  around  it 


where  Pu  and  Pz  are  the  projections  of  the  force  P  on  the  axes  u 
and  z;  v^u  and  w^  are  the  projections,  on  the  same  axes,  of  the 
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mean  geometrical  velocity  at  infinity 


'  Prom  Fig.  27  it  follows  that 

- N__ _  the  lift  acting  on  the  section  in 

^ —  Vy  the  lattice  (per  unit  of  span)  is 

• _ AnV _ _ _  P  =  Y  Pi  +  P\  =  aTwm.  (3,66) 

Effect  of  the  viscosity  of 
the  liquid  on  the  magnitude  of  the 
/  (  lift  of  a  section  in  a  latticed" Vor 

-  _  iL-Jpi  "derivation  of  formula  ( 3 . 05 ) ,  the 

equations  of  momentum  viere  used 
Fig.  27.  The  forces  acting  on  for  a  volume  of  liquid  which  is 
a  section  in  a  lattice  during  ordinarily  limited  by  the  circuit 
the  flow  of  an  ideal  liquid  1,  2,  2‘ ,  1*  (see  Fig.  25)  and 
around  it.  has  a  single  dimension  along  the 

span.  The  value  of  Pu  is  obtained 
directly  from  the  equation  of  momentum,  and  for  determination  of 
Pz  we  must  also  consider  the  pressure  forces  acting  along  the 
control  surfaces  2,  21,  and  1,  1*.  In  this  case,  vie  resort  to 
the  Bernoulli  equation. 

The  equation  of  momentum  is  valid  for  any  system  of  mate¬ 
rial  points,  i.e.,  it  is  equally  reliable  both  for  an  ideal  and 
for  a  real  liquid.  The  Bernoulli  equation  for  a  real  liquid  dif¬ 
fers  from  the  equation  for  an  ideal  liquid  in  having  an  addi¬ 
tional  term  considering  the  energy  losses  in  the  section  under 
consideration. 

Because  of  this,  usually  the  effect  of  reality  of  the  flow 
ftZJ  refers  only  to  the  component  P2,  and  the  quantity  Pu  is 
assumed  to  be  independent  of  viscosity. 

We  will  designate  the  force  acting  on  a  section  around  which 
a  viscous  flow  is  passing  as  R,  in  distinction  from  the  force  P 
for  an  ideal  flow.  In  a  pump,  the  value  of  Ru  determines  the 
magnitude  of  the  mechanical  power  consumed: 


It  Is  apparent  that  the  viscosity  cf  the  liquid  and  the  energy 
losses  associated  with  it  cannot  help  but  change  the  magnitudes 
of  power  consumed. 

The  theoretical  head  of  the  wheel  is  / 


H  +  A//.  (3.67) 
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$Tt<  ~  Ht. wheel  *  ^theoretical. wheel >  'ylrt  <  ~^hyd. wheel  * 

~V hydraulic. wheels/  where  AH  represents  the  hydraulic  energy 
losses . 

From  a  comparison  of  formulas  (3.64),  (3.66),  and  (3.67) 
it  is  apparent  that  the  value  of  R  depends  upon  the  energy  losses 
in  the  wheel  AH. 


Hydraulic  efficiency  of  the  lattice.  Similar  to  the  way 
that  we  did  this  in  the  investigation  of  a  single  section,  we 
will  project  the  force  R  in  the  direction  of  the  velocity  Wqo 
and  the  direction  perpendicular  to  it.  The  first  projection  Xiat 
is  called  the  drag  resistance,  and  the  second  Yiat  is  the  lift 
Z*p  =  Xiat  »  ^lattice;  YP  =  Ylat  =  Ylattice.^.  The  ratio 

-%—tgX,  (3,68) 

is  called  the  Inverse  lift-drag  ratio,  where  is  the  angle 

between  R  and  ^he  normal  to  the- direction  of  velocity  vt*. 


The  hydraulic  efficiency  of  the  lattice  is 

_  Ht.  k  A/f T,  K  t  AHT,  K 

Mr,  p - JT - -  I - jj - • 

"T,  K  «T,  «  • 


(3.69) 


l?\rtp  "^hyd.lat  ~ ^hydraulic .la t tic • 


Fig.  28.  Forces  acting  on  a 
section  in  a  lattice  during 
the  flow  of  a  real  liquid 
around  It. 


The  loss  of  head  Ah^ ,wheel 
is  equal  to  the  work  of  the  force 
X  on  the  track  w#»  in  a  unit  of 
time,  referred  to  a  unit  of  weight 
of  the  flowing  liquid  tWeo2.  Then 
(see  Fig.  28) 


Xu>„ 

Ytoml 


__  ffsinx 

\tvm  sin(J  yt  sin  fj  ’ 


(3.70) 


The  theoretical  head  Ht  is 
equal  to  the  work  of  the  peri¬ 
pheral  component  of  the  force  Ru 
acting  on  the  section,  per  unit 
weight  of  the  liquid.  Assuming 
that  the  track  is  equal  to 
we  obtain 


T.  * 


uRu  _  uft  sin  (ft,  +  X) 
Y  Vfw.sinP.  ' 


(3.71) 


Having  substituted  expression  (3.71)  into  formula  (3.69)# 
after  the  corresponding  reductions  we  obtain 
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(3.72) 


..=  1- 


«  S'n(P.  +  X)* 


Formula  (3.72)  makes  It  possible  to  determine  the  value  of 
the  hydraulic  efficiency  of  the  rotating  lattice  of  sections. 

The  magnitude  of  the  lift  coefficient  of  the  section  in  thfe 
lattice,  around  which  a  real  liquid  is  flowing,  may  be  deter¬ 
mined  from  equation  (3.71): 


T  ytan  sin  p. 

and  expressions  (3.59)  and  (3.73) 


uR  sin  +  /.)  _  uY  sin  (Pg,  -}-  X) 


Y<cosX 


r  JL  -  2gHr  cos*- 

''vp  t  ~  '  u  ’  sin  (P„  +  X)  * 


(3.73) 


(3.74) 


Section  12.  Calculation  of  a  Straight-Line  Lattice  of  Thin  Pro- 
TTles 

A  straight-line  lattice  of  plates.  The  simplest  example  of 
straight-line,  plane  lattice  of  profiles  is  a  lattice  of  in¬ 
finitely  thin  plates  /%$/. 

The  circulation  created  "by  a  plate  in  a  lattice  is  deter¬ 
mined  by  the  formula 


^i,  p.n.  —  T-nf,  —  LtfilWa  sin  i. 


(3.75) 


=  ri,lat.plat«  =  ri, lattice. olatev  Ln  s  I^lates7  where 
Lplatesis  a  coefficient  considering  the  difference  in  the  flow 
around  a  plate  in  a  lattice  from  the  flow  around  a  single  plate, 
i.e.,  considering  the  effect  of  all  the  other  sections  of  the 
lattice  on  the  flow  around  the  given  plate-section.  In  Fig.  29 
a  graph  of  the  coefficients  I^iate  is  shown,  as  obtained  by 
Schilhansl  /1077  for  a  straight-line  lattice  of  plates,  as  a 
function  of  the  magnitudes  of  the  relative  pitch  t/l  and  the 
angle  of  incidence  of  the  plates  °(piates • 

The  coefficient  L  is  a  function  of  the  geometrical  param¬ 
eters  of  the  lattice  only,  and  therefore  in  the  first  approxi¬ 
mation  the  graph  may  also  be  used  for  calculations  of  lattices 
of  profiles  that  are  not  flat.  In  this  case,  the  profiles  must 
be  replaced  by  equivalent  plates.  However,  we  should  consider 
that 


(3.76) 


i.e.. 


¥ 


rvjacT 


~  lplate*  —nPO<b  ~  iprof  “  IprofileV 


jiT'Zjm- 


.  fl,2  0,4  0,6  0,8  ?,0  7,2  7,*  V  V  2,0  t/t 

Pig.  29.  Coefficients  L  for  a  straight-line 
lattice  of  plates. 

Lattice  of  round  profiles  (method  of  I.N.  Voznesenskiy  and 


V.F.  Pekin).  A  straight-line  lattice  of  sections  may  be  replaced 
%  an  equivalent  lattice  of  infinitely  thin  profiles,  the  hydro- 
dynamic  calculation  of  which  Is  considerably  simpler. 

The  calculation  of  blade  systems  of  axial  hydraulic  machines, 
by  means  of  integral  equations  of  the  flow  around  lattices  of 
thin  profiles,  was  developed^  In  principle.  In  1930-1935  by  Pro¬ 
fessor  I.N.  Voznesenskiy  /T3/,  and  later  was  developed  further 
under  his  direction  by  V.F.  Pekin  and  A.P.  Losokhin  and  L. 

A.  Simonov  At  the  present  time  the  method  developed  by  I. 

N.  Vosnesenskty  and  V.F.  Pekin,  later  developed  further  by  N.A. 
Kolokol  *tsov  /48T7,  has  obtained  the  widest  distribution  in  pump 
building.  This  Ts  explained  by  the  simplicity  of  the  final  form 
of  the  calculations  and  the  high  efficiency  of  the  pumps  designed 
with  its  use.  Below  the  most  Important  principles  of  this  method 
are  briefly  explained. 

The  basic  assumptions  are: 
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a)  in  the  consideration  of  the  mutual  influence  of  sec¬ 
tions  in  a  lattice,  the  effect  of  the  thickness  of  the  section 
is  ignored; 

b)  as  an  equivalent  section  of  a  profile,  part  of  the  arc 
of  a  circumference  —  "profile  of  a  circle"  is  assumed  (Fig.  30) 


V 


u 


Fig. 30.  Lattice  of  profiles 
of  a  circle  (for  calculation 
by  the  method  of  integral 
equations) . 


In  the  theory  of  lattices, 
two  applied  problems  are  solved: 

—  the  parameters  of  the  flow 
of  liquid  passing  through  a  given 
lattice  at  the  given  boundary  con¬ 
ditions  are  determined  (direct 
problem) ; 

~  the  geometrical  character¬ 
istics  of  the  lattice  being  sought 
are  determined,  with  respect  to 
the  given  flow  parameters  at  In¬ 
finity  (inverse  problem). 


The  method  of  integral  equa¬ 
tions  provides  for  the  compila¬ 
tion  and  solution  of  an  equation 
of  the  flow  around  a  lattice  of 


profiles,  i.e.,  the  solution  of  the  direct  problem.  In  the  de¬ 
signing  of  a  machine,  usually  the  inverse  problem  must  be  solved. 
V.F .  Pekin  and  II. A.  Kolokol'tsov  (Laboratory  of  Hydraulic  Machines 
of  Leningrad  Folytechnical  Institute)  have  performed  systematic 
calculations  making  It  possible  for  them  to  compile  the  appro¬ 
priate  graphs  for  the  solution  of  the  inverse  problem. 


The  basis  of  the  method  of  integral  equations  is  the 

idea  of  replacing  a  blade  by  a  vortex  surface  and  tne  superposi¬ 
tion  of  two  flows:  a  plane-parallel  flow,  moving  around  the 
section  (lattice),  and  a  vortex,  or  circulatory,  flow,  caused 
by  the  presence  of  bound  vortices  distributed  along  the  profile. 


The  flow  function  of  the  flow  at  a  point  of  the  profile  at 
a  distance  Jt  from  its  beginning  is  the  sum 

*(  0  =Vo(Q  (3,78) 

where  ^(t)  *s  fc^e  fl°w  function  of  an  undisturbed  flow. 

The  flow  function  of  the  vortex  point  is 

I 

*1(,)=Hr,n '(***)•  (3,79) 
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.  v  dr 

Here  dr  =  dr  (s)  =  v  (s)  ds  Is  the  velocity  circulation;  ds 

is  the  vortex  intensity  at  the  given  point  £;  and  r  is  the  dis¬ 
tance  from  the  point  of  the  section  under  consideration  to  the 
flow  point  with  the  elementary  vortex  d  (s). 

Finally,  the  flow  function  for  any  point  t  of  a  single  pro¬ 
file  is  expressed  by  the  formula 

*  (0  =  to  (0  +  -gf  \  V  (s)  1  n  r  (s,  t)  ds  =  const.  (3.  80) 

o  -  . 

The  lack  of  infinite  velocities  on  the  rear  trailing  edge, 
i.e.,  the  fulfillment  of  S.fi.  Chaplygin's  postulate,  is  written 
by  the  expression 

v  (/)  =  0.  (3^  81) 

In  the  transition  from  flow  around  an  Isolated  profile  to 
flow  around  a  lattice  of  profiles,  we  will  have  the  following 
changes  in  the  integral  equation  (3.8o);  the  flow  function  of 
the  undisturbed  flow  "to  will  not  be  determined  by  the  velocity 
Vo®  far  ahead  of  the  blade,  but  by  the  mean  geometrical  velocity 
V  by  the  integral,  instead  of  the  simple  function  In  r,  which 
corresponded  to  the  flow  function  of  the  flow  caused  by  the 
bound  vortices,  located  on  one  profile  and  determined  in  ac¬ 
cordance  with  the  formula  v£s  inr>  we  will  understand  a  more 

complex  function,  corresponding  to  the  flow  function  of  a  flow 
caused  by  bound  vortices  located  at  elements  ds  of  all  the  pro¬ 
files  of  the  lattice: 

.  +" 

2  Inr*>  (3.82) 

where  r^  is  the  distance  between  the  flow  point  z  at  which  the 
flow  function  is  determined,  and  the  point  s_  on  each  profile  of 
the  lattice, 

/in  infinite  sum  of  logarithms  is  reduced  to  an  infinite 
product  under  the  logarithm  sign,  which  may  be  expressed  by  a 
trigonometric  function.  Omitting  the  derivation  7,  we  will 
write  the  final  expression  for  the  flow  funttion  in  a  lattice  of 
profiles  when  1  =1,  i.e.,  with  a  pitch  Tq  =  T/l: 

i  _ “ 

*  (0  -  to  (0  +  4"  j*  ■ v  (S)  In  y  sin*  ~  (x,  -  X,)  +  sh*  ~(y,~  yjds  . 

or,  having  designated  _  (3*  ^ 

sin* +  sh*-j£- ({/,—  //,)  =  K\ 
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we  obtain 


¥(0  +  'M')  +  -srJv(s)!n/Cds.  (3.84) 


•  .  *  f  ... 

.  Jv(s)<fc  =  -£-.  (3,85) 

0 

Here  l»  —  length  of  the  profile  with  a  single  chord 

and  a  curvature  /? . 

The  general  solution  cf  integral  equation  (3.84)  may  be 
written  in  the  parametric  form 

V(s);=  /(7Y.  5;  a;  (J;  t«.x;  C). 

Having  substituted  this  function  into  equation  (3.85),  we 
obtain  r 

—  fi(T O’  P»  O. 

where  C  is  an  arbitrary  integration  constant,  which  may  be  found 
by  the  application  of  Chaplygin's  postulate,  i.e.,  by  the  ful¬ 
fillment  of  condition  (3.81). 

Tlifin  *** 

£  =  MT,;a;  P;  »-).•  (3.86) 

The  angle  d  is  the  angle  between  the  axis  of  the  lattice 
and  the  direction  w,*,  of  the  undisturbed  flow<<i.  The  presence 
of  a  disturbance  by  a  system  of  bound  vortices  on  all  the  pro¬ 
files  of  the  lattice  leads  to  the  fact  that  the  angle  of  inci¬ 
dence  o(  differs  from  the  angle  by  the  magnitude 

40=0—0,,  .  (3, 87) 

where  A*  considers  the  effect  of  all  the  other  sections  of  the 
lattice  on  the  given  section.  Then,  in  the  final  form,  expres¬ 
sion  (3.86)  may  be  represented  as 

.  -^-  =  9(7.;  a;  P;  Aa),  (3,88) 

where  A «  is  the  angle  between  the  direction  vu  and  the  chord  of 
the  section. 

Formula  (3.88)  is  the  solution  of  a  system  of  integral 
equations,  (3.84)  and  (3.85).  It  gives  us  the  opportunity  of 
finding  the  flow  around  the  given  lattice,  i.e.,  solving  the 
direct  problem. 
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V.P.  Pekin  and  N.A.  Kolokol'tsov  have  performed  systematic* 
calculations  of  lattices  with  the  additional  condition  of  a 
shock-free  input  (S  ~  0),  as  proposed  by  I.N.  Voznesenskiy .  This 
condition  provides  better  power  and  cavitation  qualities  of  the 
wheel  and  simultaneously  makes  the  calculations  considerably 
easier.  The  condition  $  =  0  assumes  the  absence  of  any  vortex 
on  the  leading  edge  of  the  profile,  which  is  written  as 

v  (0)  =  0.  .  (3.89) 

The  assumption  that  v  ([)  =  v  (0)  =  0  makes  the  solution  egually 
valid  for  a  pump  and  for  a  turbine.  In  this  case,  formula  (3.88) 
takes  the  form 

=  «Pi(f0; »;  (3.90) 

A  a  =  <p,  (T0;  a;  P).  (3,  91) 

p 

The  quantities  andA<x,  i.e.,  the  functions  ^  and 

?2>  are  found  by  numerical  solution  of  the  system  of  integral 
equations,  (3.84)  and  (3.85),  reduced  to  a  system  of  n  +  2  linear 
equations  with  n  +  2  unknowns  at  n  +  1  points  of  the  profile 
determined  by  the  geometrical  parameters  of  the  lattice. 

The  calculations  mentioned  were  performed  when  n  =  4;  6; 

8.  As  a  result,  it  was  established  that  within  a  comparitively 
wide  range  of  variations  in  the  curvature,  we  may,  with  adequate 
accuracy,  consider  the  quantity  x  =  - "j  as  being  dependent  only 

upon  To  and  U  .  This  gave  us  the  opportunity  of  constructing  one 
common  graph  of  x  (T0;  a)  (see  Appendix,  Pig.  I). 

The  quantity^*  is  positive  In  the  entire  possible  range  of 
parameters  of  the  lattices.  For  small  values  of  ot.  and  fi  when 

7*0  =  >  *  (which  approximately  corresponds  to  the  peripheral 

sections  of  the  blades,  especially  those  of  water-jet  axial  pumps), 
the  quantity A*  is  small  and  does  not  exceed  1°.  The  value  of 
A«increases  as  fi  increases  and  as  cc  and  Tq  decrease  (with  an 
increase  of  l/t).  For  values  of  cl  <,  35-40°,  we  may  consider.  In 
approximation,  that  A «< depends  only  upon  fi  and  T0  (see  Appendix, 
Fig.  II). 

For  values  of  <*  >  45°  (which  corresponds  basically  to  the 
blades  of  return-circuit  rigs  and  sometimes  to  the  root  sections 
of  rotor-wheel  blades),  the  values  ofA<*  become  greater,  up  to 
15°.  In  these  cases  A*  depends  not  only  upon  and  To*  tut  also 
upon^.  The  corresponding  graphs  were  compiled  for  different 
values  of  fi  within  limits  of  20  to  40°,  every  2°  (see  Appendix, 
Figs.  III-XIII). 
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Example  of  the  calculation  of  a  lattice  of  thin  profiles 
In  accordance  with  the  method  of  I.N.  Vozngsenslciy~3nd  V.r1.  t'ettn. 
We  will  calculate  tne  blades  of  a  rotor  wheel  or  an  axial  pump  _ 
for  the  following  parameters:  head  H  =  7  m;  flow  rate  Q  =  1.1  m’/ 
/sec;  speed  of  rotation  of  wheel  n  =  9^0  rpm.  After  the  pre¬ 
liminary  calculations  (see  Chapter  4),  we  select  the  following 
design  parameters:  diameter  of  the  rotor  wheel  D  =  0.450  m; 
hub-tip  ratio  d  •=  0.40;  number  of  blades  Z  =  4;  solidity  of 
lattices,  peripheral  (r  =  0.220  m)  and  root  (r  =  0.095  m)  sec¬ 
tions  equal,  respectively,  to  0.82  and  1.15;  maximum  relative 
thickness  of  sections  0.0352  and  0.1045.  The  hydraulic  effi¬ 
ciency  of  the  sections  is  preliminarily  assumed  to  be,  in 

each  section  ,  0.86  and  0.94.  The  results  of  the  calculation  of 
these  sections  are  given  in  Table  1. 

Three  columns  are  given  in  the  table:  calculation  constants 
of  the  given  section;  first  approximation,  preliminarily  con¬ 
sidering  the  displacement  of  the  flow  by  the  body  of  the  sec¬ 
tions,  and  second  approximation,  considering  displacement  after 
the  introduction  of  the  correction  ^oc  of  the  effect  of  the  lat¬ 
tice  sections  on  the  angle  of  incidence  or  of  the  section. 

If,  as  a  result  of  the  calculations,  for  the  first  approxi¬ 
mation  the  magnitude  of  the  additional  angle  of  the  section 
Art  obtained  is  less  than  1°,  the  second  approximation  need  not 
be  made,  since  its  results  would  practically  coincide  with  the 
first  approximation. 

In  the  example  given,  which  is  characteristic  for  a  water- 
jet  pump,  in  the  calculation  of  the  periphe  al  section  the  fol¬ 
lowing  results  were  obtained:  angle  of  incidence  of  the  section 
rt  =  23°38'  (with  a  =  0°10' )  and  its  angle  of  curvature  fi  = 

=  6°09'j  in  the  root  section  cC.  =  60°12«  and  fi  =  28°02' . 

We  must  note  that  in  the  determination  of  the  angle from 
the  graphs  (see  Appendix,  Figs.  III-XIII)  at  an  angle  fi  ,  which 
does  not  coincide  with  the  value  for  which  these  graphs  were 
constructed,  the  quantity  A*  should  be  determined  by  linear 
interpolation  according  to  the  two  graphs,  with  the  nearest 
(les  ser  and  greater)  values  of  fi  =  const. 

From  the  example  given  it  is  apparent  that  the  calculation 
of  a  lattice  of  thin  profiles  by  the  method  described  is  not 
too  laborious.  Sufficient  accuracy  is  provided  already  with 

three  significant  figures  in  the  entire  calculation,  i.e.,  it 
may  be  performed  with  the  use  of  an  ordinary  slide  rule  only 
and  can  be  done  in  approximately  1  hour. 

Effect  of  displacement  of  the  flow  by  the  body  of  the  blades. 
Ca  1  cuTatioh  of  infinitely  tnm  profile's,  which  In  further  de- - 
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TABLE  1  (Cont'd. 


Sequence  number;  b)  Constants;  c)  Section  I;  d)  Section  V; 
First  approximation;  f)  Second  approximation. 


signing  must  be  performed  in  the  form  of  sections  of  finite 
thickness,  is  done  by  the  method  described.  From  Table  1  it  is 
apparent  that  the  effect  of  the  finite  nature  of  the  thickness 
is  considered  only  as  the  displacement  of  the  flow  by  the  body 
of  the  blade.  In  this  case,  the  displacement  factor  of  the  axial 
velocity  component  is  Introduced 


(3.  92} 


In  Fig.  31  it  is  apparent  that  the  displacement  factor  is 
the  ratio  F 

x=z7~f 


(3.  93) 


where  F  -  tl  sin  a.  •  The  area  of  the  section  is 


f- 


(3.  94> 


Fig.  31.  Determination  of  the 
displacement  factor. 


ror  In  the  determination  of 
on  the  value  of  * , 


where  &  is  the  current  thickness, 
measured  along  the  normal  to  the 
chord  1_.  In  approximation,  the 
integral  may  be  calculated  accord¬ 
ing  to  Simpson's  formula  with  re¬ 
spect  to  three  points,  upon  con¬ 
dition  that  the  thickness  in  the 
middle  of  the  section  is  the  maxi¬ 
mum  thickness,  i.e.,  dm.  This  does 
not  lead  to  any  great  error,  since 
the  entire  magnitude  of  £  is  small 
is  comparison  to  F  and  a  small  er- 
does  not  have  any  essential  effect 


Then  '  .  -  , 

f  =  ~Ada  =  ±-dJ.  (3, 95) 


Having  substituted  (3.95)  into  formula  (3.93) ,  we  obtain  1 


x 


tl  sing 

tl  sina - dnl 


1 


.-A-.  * 

t  sina 


(3.96) 


The  methodology  of  hydrodynamic  calculation  of  a  lattice 
of  thin  profiles  described  gives  the  solution  in  the  final  form; 
subsequent  approximations,  as  introduced  in  Table  1,  refer  only 
to  refinement  of  the  effect  of  flow  displacements  by  the  body 
of  the  blades,  i.e.,  to  the  refinement  of  the  quantity  wz. 


Lattices  of  infinitely  thin  sections  of  other  shapes.  The 
method  or  I.N.  voznesenskiy  and  V.F.  Pekin  gives  the  solution 
of  a  general  integral  equation  of  the  flow  around  the  profile 
of  a  circle.  A  similar  solution  of  the  problem  of  the  flow  around 
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a  lattice  of  profiles  of  arbitrary  shape  leads  to  such  a  cumber¬ 
some  calculation  scheme  that  it  is  practically  impossible  to 
perform  such  calculations  by  ordinary  means.  However,  the  appli¬ 
cation  of  quick-acting  discrete-count  electronic  machines  opens 
wide  opportunities  for  the  mechanization  of  these  labor-consum¬ 
ing  calculations. 

S.M.  Belotserlovskiy,  fi.S.  Ginevskiy,  and  Ya.Ye.  Polonskiy 
/B 7  have  performed  systematic  calculations  of  series  of  lattices 
composed  of  thin  profiles  of  two-parameter  shape.  The  basis  of 
this  was  the  method  of  integral  equations,  with  replacement  cf 
the  profiles  by  vortex  surfaces.  For  mechanization  of  the  cal¬ 
culations,  the  authors  arranged  the  vortices  at  20  individual 
points  on  the  profile.  In  this  case,  the  condition  of  a  lack  of 
any  overflow  of  the  liquid  through  the  profile  was  performed  at 
another  20  points.  A  system  of  integral  equations  similar  to 
formulas  (3.34)  and  (3.83)  was  reduced  by  the  authors  to  two 
systems  of  linear  algebraic  twentieth-order  equations,  solved  by 
means  of  an  electronic  computer  with  discrete-count  capabilities. 

Altogether,  1163  variations  of  the  lattices  were  calculated 
m-  The  results  of  the  calculations  gave  us  the  opportunity  of 
solving  both  the  direct  and  the  inverse  problem,  i.e.,  of 
selecting  lattices  in  accordance  with  the  total  characteristics 
required  (direction  of  velocities  before  the  lattice  and  after 
it;  obtaining  the  required  lift  coefficient). 

The  lattices  calculated  were  composed  of  profiles  having 
maximum  curvature  at  a  distance  of  0.3;  0.4;  and  0.5  chord  from 
the  leading  edge,  and  the  magnitude  of  the  curvature  determined 
by  the  index  varied  within  limits  of  from  0  to  0.3  chord. 

Section  13.  Methods  of  Calculating  Lattices  of  Sections  of 
Finite  Thickness- 

In  1962  a  monograph  by  G.Yu.  Stepanov  /JS ~J  was  published  in 
which  the  contemporary  state  of  the  theory  of  lattices  and  methods 
of  solving  its  basic  problems  was  explained.  In  his  preface,  the 
author  justly  comments  that  the  theory  of  lattices  and  methods 
of  its  practical  application  at  the  present  time  "compose  the 
content  of  a  very  large  quantity  of  works,  in  which  it  Is  often 
difficult  even  for  the  specialist  to  orient  himself"  {/7§/,  p. 

6).  The  majority  of  existing  methods  are  intended  for  solution 
of  the  direct  problem.  In  this  case, the  designing  of  rotor 
wheels,  as  a  rule,  is  performed  in  accordance  with  the  results 
of  generalization  of  the  systematic  calculations  of  series  of 
direct  problems.  The  greatest  number  of  methods  Is  based  on  the 
use  of  conformal  representation  of  the  external  appearance  of 
given  lattices  of  sections  in  certain  especially  simple  (canoni¬ 
cal)  regions,  in  which  the  theoretical  solutions  of  streamlining 


are  known.  Most  frequently  methods  of  representing  the  external 
appearance  of  a  lattice  of  sections  externally  resembling  lat¬ 
tices  of  circles,  or  a  single  circle,  are  used,  Some  authors 
use  the  transformation  (inversion)  of  the  external  appearance 
of  the  lattice  to  the  internal  appearance  of  a  limited  region 
not  containing  infinitely  distant  points. 

The  construction  of  lattices  according  to  the  velocity- 
vector  hodograph  method  also  may  be  included  among  methods  of 
conformal  representation  /7%7 .  This  method  makes  it  possible  to 
calculate  the  flow,  at  the  boundaries  of  which  the  velocity  has 
a  constant  magnitude, .  compa  ratively  simply,  i.e.,  to  consider 
flow  around  the  lattices  with  separation  of  the  Jet.  Conse¬ 
quently,  in  applying  the  velocity- vector  hodograph  method  for 
a  flow  of  an  ideal  liquid,  we  may  obtain  a  picture  of  the  flow 
around  the  sections  by  a  real  liquid,  i.e.,  flows  with  an  ac¬ 
companying  Jet  or  with  an  aerodynamic  trail,  without  the  con¬ 
dition  of  velocity-field  continuity  beyond  the  lattice  which  is 
mandatory  for  all  other  methods. 

In  hydraulic  machine  building,  methods  are  applied  using 
the  method  of  addition  of  two  flows,  such  as,  for  example,  a 
plane-parallel  flow  at  infinity  with  the  flow  caused  by  pecul¬ 
iarities  (vortices,  sources,  sinks,  sometimes  doublets)  arranged 
on  the  profile,  section,  etc.,  being  investigated. 

The  methods  of  integral  equations  we re  basically  developed 
by  I.N.  Voznesenskiy  and  his  pupils.  These  methods  include:  the 
method  of  calculating  the  lattices  of  the  profiles  of  a  circle 
as  developed  by  I.N.  Voznesenskiy  and  V.?.  Pekin,  the  method  of 
calculating  infinitely  thin  sections  different  from  the  profiles 
of  a  circle  developed  in  1939  by  A.F.  Lesokhin  and  L.A.  Simonov 
/Ji57i  an^  the  method  of  calculating  lattices  of  sections  of 
“finite  thickness,  developed  in  1933  by  A.F.  Lesokhin  • 

The  last  method  is  based  on  the  replacement  of  flow  by 
a  liquid  around  the  lattice  of  sections  being  sought  by  a  simi¬ 
lar  effect  on  the  flow  of  a  system  of  vortices,  sources,  and 
sinks  distributed  along  the  so-called  "skeletons"  of  the  sec¬ 
tions,  i.e.,  lines  arranged  within  the  section  for  which  the  con¬ 
dition  of  a  lack  of  any  leakage  of  liquid  through  them  is  ful¬ 
filled  (the  skeleton  is  one  of  the  flow  lines). 

The  distribution  of  sources  and  sinks  on  the  skeleton  makes 
It  possible  in  the  calculations,  to  shift  from  a  thin  profile 
to  a  section  of  finite  thickness.  The  section  surface  being 
sought  Is  one  of  the  flow  lines  for  which  the  condition  of  its 
circuit  being  closed  is  fulfilled.  This  is  provided  by  the  fact 
that  the  sum  of  intensities  of  all  sources  (+  q)  and  all  sinks 
(—  q)  is  assumed  to  be  equal  to  zero.  To  obtain  the  curvature  of 
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the  leading  edge,  at  the  end  of  the  skeleton  a  source  of  finite 
intensity  is  placed,  the  magnitude  of  which  also  determines  the 
radius  of  curvature  of  the  edge. 

If  it  is  necessary  to  obtain  a  trailing  edge  of  finite 
thickness,  a  point  sink  of  finite  intensity  is  placed  on  the 
trailing  end  of  the  skeleton.  In  this  case  the  following  con¬ 
dition  is  preserved: 


Qk  +  Q™*  +  J  Q  (s)  ds  —  0.  (3,  97) 


Z^bx  Qlead  ^leading  (edge)'  Qb«x  ~  Qtrail  “  ^trailing^7 

Mathematically,  this  method  is  more  cumbersome  than  the 
method  of  thin  round  profiles*^since  we  do  not  have  the  oppor¬ 
tunity  of  explaining  the  given  method  in  any  sort  of  detail 
here,  we  recommend  that  those  interested  acquaint  themselves 
with  the  work  of  A.F.  Lesokhin  7E4/ ,  in  which  the  hydromechani¬ 
cal  and  mathemati£al  contents  oir  "the  method  are  explained;  of 
I.E.  Etinberg  /o7/,  who  developed  a  method  applicable  to  the 
practice  of  calculating  the  wheels  of  axial  hydraulic  turbines 
and  developed  an  ^engineering  methodology  of  calculation;  and 
V.G.  Staritskiy  ^17y,  who  developed  this  methodology  applicable 
to  the  requirements  of  calculating  the  lattices  of  axial  pumps^. 

The  basic  principles  of  the  method  lie  in  the  following. 

Peculiarities  (vortices,  sources,  and  sinks)  are  selected 
with  such  a  calculation  that  the  flows  caused  by  them  and  the 
plane-parallel  flow  added  to  them  give  the  flow  around  the  lat¬ 
tice  of  sections.  In  this  case  two  requirements  must  be  ful¬ 
filled: 

—  conditions  at  infinity  before  the  lattice  and  after  (magni¬ 
tudes  and  directions  of  velocities)  must  be  equal  to  those  as¬ 
sumed  ; 

—  around  the  skeleton  a  closed  flow  line  must  exist,  the 
shape  of  which  would  correspond  to  the  given  parameters  of  the 
section  (magnitude  and  place  of  location  of  the  maximum  thick¬ 
ness,  dimensions  of  radii  of  curvatures  of  leading  and  trailing 
edges,  etc.). 

The  first  condition  is  fulfilled  in  the  selection  of  the 
distribution  of  vortices  satisfying  the  integral  condition 
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r,  =  f  y  («) <*s.  (3» 98) 

I 

~T  \ 

where  T  is  the  circulation  around  one  section  (one  blade).  The 
second  requirement  is  satisfied  by  the  appropriate  selection  of 
the  form  of  the  distribution  q(s)  with  mandatory  fulfillment  of 
condition  (3.97). 

The  absence  of  leakage  of  liquids  through  the  skeleton 
leads  to  the  follov.'ing  condition  for  the  given  section,  which 
is  assumed  as  the  basic  one: 


where 


“  V  »m- 


wm  -I-  v*  —  0, 


(3.  99) 


is  the  mean  geometrical  relative  velO' 
city  or  tne  piane-paraiiei  flow;  v*  is  the  velocity  caused  at 
the  given  point  by  the  peculiarities  placed  on  other  skeletons 
of  the  sections. 


Tne  summation  of  the  velocities  induced  by  the  point  lo¬ 
cated  on  a  straight  line  parallel  to  the  axis,  i.e.,  at  a  dis¬ 
tance  nt  from  the  given  one,  and  subsequent  integration  along 
s,  gives  us 


where 


T  j 

•  f  Y  (s)  sh  z  1  +  q  (5)  sin  u,  . 

“  2t  ch  Zj  —  cos  Mi 

“T 
.  +  T 

.  _  1  f  — y  (s)sinu,  -f  <7(5)shZ,  . 

V'~  it  ch  Zi  —  cos  «i  5 

~~2 


Zx  =  U^.^-iUo-U). 


(3.  100) 


The  integrals  located  in  the  right-hand  part  of  expressions 
(3.100)  are  not  eigenintegrals,  and  consequently  they  cannot  be 
calculated  either  directly  or  by  approximation  numerical  methods 
These  integrals  are  differentiated  by  the  definition  of  the 
peculiarities . 


The  distribution  functions  of  vortices  and  sources 

q(s)  are  selected  in  the  form  of  multiterms: 


Y (s)  »  ^oVo (s)  +  ^iYi (s)  +  ^-iY-i (s)  +  ^»Y* (s)  + 

+  A_ty.t{s)  +  A*y*(s),  (3.101) 

q  (s)  =  B,  +  BXS  +  B,S*  +  B*  +  B**.  (3.  102) 
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The  distribution  of  vortex  intensity  in  the  form  of  expres¬ 
sion  (3.101)  was  proposed  by  V.S.  Ginzburg  fi-Tf , 

Here  S’  =  2S/1,  where  S  is  the  flow  coordinate  along  the 
skeleton,  read  from  its  center  (for  the  positive  direction,  the 
direction  to  the  leading  edge  wss  selected). 

The  acceptance  of  distribution  functions  in  the  form  of 
multiterms  gives  us  an  opportunity  to  select  the  magnitudes  of 
the  coefficients  A  and  B  and  thus  to  influence  the  shape  of 
the  skeleton  actively,  and  also  the  velocity  distribution  along 
it. 


Equations  (3.100),  after  their  transformation,  can  be  re¬ 
duced  to  systems  of  integral  equations,  solved  by  approximation 
numerical  methods.  The  solution  is  quite  cumbersome  and  it  must 
be  done  by  means  of  keyboard  electric  computers.  The  latter  re¬ 
quirement  is  caused  by  the  presence  of  differences  of  quantities 
that  are  very  close  to  each  other  in  the  calculations,  for  ade¬ 
quately  precise  determination  of  which  the  fulfillment  of  the 
corresponding  count  is  required,  with  an  estimate  of  quantities 
of  up  to  6  and  8  significant  figures.  To  expedite  the  count, 
tables  of  coefficients  needed  for  numerical  integration  have 
been  compiled,  and  also  a  nomogram  for  determination  of  the  coef¬ 
ficients  in  the  expressions  for  velocities  induced  by  the  vor¬ 
tices  of  the  given  skeleton.  However,  for  the  calculation  of  one 
lattice  it  would  be  required  that  from  4  to  6  days  be  expended. 

The  chief  advantage  of  the  method  is  the  possibility  of 
determining  the  velocities  on  the  section  and,  as  a  consequence, 
consciously  designing  and  working  out  the  shape  of  the  section, 
i.e.,  improve  both  the  power  and  especially  the  cavitation 
qualities  of  the  lattice  being  developed.  The  calculations  may 
easily  be  programmed  for  solution  on  discrete-count  electronic 
computers . 

Numerous  experiments  performed  in  various  laboratories  have 
demonstrated  that  the  critical  magnitude  of  the  cavitation  coef¬ 
ficient,  obtained  as  the  result  of  the  calculation  of  the  rotor 
wheel  by  this  method,  both  in  turbines  and  in  pumps,  coincide 
adequately  well  with  that  obtained  in  the  corresponding  model 
tests. 
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Chapter  4 

SELECTION  OF  THE  DESIGN  ELEMENTS  0?  THE  BLADING  SYSTEM 

Section  14 .  Energy  Losses  in  an  Axial  Pump 

Losses  of  hydraulic  energy  in  a  pump  may  be  represented  by 
the  sum  of  losses  of  its  basic  elements:  input,  rotor  wheel, 
return- circuit  rig,  and  output 

.  r  —  A„  +  +  A,  +  A0, 

Z^H.r  =  hpump.hyd  =  ”npump  .hydraulic*  =  ^in  =  ^input*  hk  =  *Vheel 
=  “rotor  wheel*  =  ^rig  =  ^return-circuit  rig*'  ho  =  h0U£  = 

=  boutpUt^7  or,  in  relative  magnitudes, 

*H»r  =  ~hT  =^n  + Ak  + A«  +  A„.  (4,1) 

The  hydraulic  efficiency  of  the  pump,  according  to  formula 

(2-6)* 15  , 

’lr  1  HT  ~  ^  r  (4.  2) 

Z?V  =  ^hyd=  ^  hydra  ulicj^ 

The  total  efficiency  is 

TU“»lr’ifcr  (4,3) 

Z^7*  "^pump*  =  ^mech  =  ^mechanical^7 

The  volumetric  efficiency  is  not  included  in  expression 
(4.3)*  since  volumetric  losses  are  not  characteristic  for  an 
axial  pump  (see  Section  5). 


The  efficiency  of 
the  form 


a  water-jet  pump  may  be  represented  in 


'In  —  'In.  e.  ,Tln.  •.* 


(4.4) 


v.’here  ^tlade. system  Z%.c  =^blade. system  “^blading  systenuZ  *s 


7*» 


the  efficiency  of  the  blading  system  of  the  pump,  i .e . , ^blade . 

system  ”  ^wheel^rigJ  W  in  .out  iShn.o.  ~  ^in.out  =  ^input.outputJZ 
is  the  efficiency  of  the  input  and  output,  i.e.,  of  the  water- 
jet  channel  %n.out  =  %n^out* 

Sometimes  the  quantity ^pump  .sys tern  is  called  the  internal 
efficiency  of  the  pump. 

V.G.  Saritslciy  /7§J  has  demonstrated  that  at  a  given  value 
of  the  pressure-head  coef f icient  np  (see  Section  33),  relative 
energy  losses  in  the  pump  Tnpumo . hyd  —  a  function  of  the  volu¬ 
metric  efficiency  9*  —  have  a  minimum.  Consequently,  the  effi¬ 
ciency  'tf'nyd  has*  a  maximum.  following  the  methodology  applied 
by  V.G.  Staritskiy,  v;e  find  the  connection  of  energy  losses 
with  the  parameters  of  the  pump. 

In  a  rotor  wheel,  basically  two  types  of  energy  losses  oc¬ 
cur:  section  losses,  which  are  the  result  of  the  solid  nature 
of  the  blade  and  the  viscosity  of  the  liquid,  3nd  non-section, 
or  end,  losses,  which  are  the  result  of  the  finite  nature  of  the 
span  of  the  blade  along  the  radius  and  the  presence  of  a  clear¬ 
ance  between  the  blade  and  the  rotor-wheel  chamber. 


Relative  section  losses  in  the  cylindrical  section  of  the 
blade  are 

r  sin 


‘k,  — 


“Sin  + 


(4.5) 


Zhk,n  ft#  =  Awheel,  section^7  where  7  v;heel  is  the  inverse  quality 
of  the  section  of  the  elementary  lattice.  Here  all  the  quan¬ 
tities  are  functions  of  the  radius. 


We  will  make  the  following  assumptions: 

1)  some  quantity  7~Viheel  *s  the  averaged  value  of  the  inverse 
qualities  /inverse  hydrodynamic  characteristics/  of  the  wheel  as 
a  whole  [}¥jj ; 

2)  all  the  hydraulic  losses  in  the  wheel  are  structurally 
referred  to  section  losses. 

Then  formula  (4.5),  after  replacement  of  A wheel  by  the 
quantity  ,  will  express  the  relative  magnitude  of  the 

energy  loss  in  the  entire  rotor  wheel . 

In  Section  18  it  will  be  demonstrated  that  the  maximum 
(determining)  magnitude  of  energy  losses  in  a  wheel  occurs  In 
the  Deripheral  section  of  Its  blades.  We  will  refer  expression 
(4.5;  to  a  section,  whose  radius  is 


In  the  return-circuit  rig  the  nature  of  the  energy  losses 
is  the  same  as  in  the  wheel,  and,  therefore,  in  analogy  to  ex¬ 
pression  (4.5)  we  may  write  that 

r  _  sin  X~ 

(a., +  (4.  6) 

In  the  input  and  output  the  energy  losses  are 

h« •  o  =  1^77  +  Co*2).  (4,  7) 

where  xn  =  j-  and  x#  =  ^  •  and  F,  Fin  and  Pq  are,  respectively, 

the  areas  of  the  active  section  of  the  flow  in  the  rotor  wheel 
in  the  outlet  from  the  input  and  the  input  to  the  outlet. 

Expressions  (4.5).  and  (4.6)  may  be  reduced  to  the  form 

j.  = _ M1  +  *g  ,a«„()  ’ 

<,t®a-K(t8«-K-ct8X.+  I)  ’  (  ,8) 

A,  = - v*(l  +  tg?a««)  ..  QV 

“tga„J(tfiaOOI.cteX.,+  l)* 

From  the  velocity  triangle  (Fig.  32) 

(4. 10) 


From  the  basic  equation  of 
the  work  of  an  axial  pump 


(4.11) 


Vie  will  introduce  the  concepts 

Fig.  32.  Velocity  triangle:  of  the  pressure-head  coefficient 

a)  rotor  wheel;  b)  return-  K}j  and  the  flow  coefficient  ^volu- 

circuit  rig.  metric  efficiency/  Kq  (see  Section 

33).  Then  expressions  (4.10)  and 
(4.11),  after  the  appropriate  transformations,  take  the  form 
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and 


(4. 12) 


tg  Q__  —  8,lf^Q 

**  *  ^r~BKH 

tg  a«i  =  •  '  ’ 

Finally,  from  expressions  (4.8)  and  (4.9), 


K  = 


±m 


where  the  reaction  coefficient  is 

0  =  1 — 


2t*nr  * 


we  obtain 
(4. 13) 


(4. 14) 

(4.  15) 


We  will  assume  that  vp  =  vz  and  express  in  formula  (4.7) 
the  values  of  V2  and  H  by  the  coefficients  Kjj  and  Kq: 


K.  o  -  (Cn*n  +  C0y4)  • 


(4.  16) 


From  formulas  (4.1)  and  (4.2),  it  follows  that 

Hr  -  1  -  2  h  =  1  -  (A*  +  ht  +  0).  (4.  17) 

Having  substituted  expressions  (4.13),  (4.14),  (4,15)*  and 
(4.l6)  into  formula  (4.17),  we  obtain 


*lr  f  (^8>  K/f,  ctg  iK,  Ctg  i,t  Xn,  X0,  £ot  T^)  (4,18) 


Section  15.  Evaluation  of  the  Expected  Magnitude  of  Efficiency 


In  Section  33  it  will  be  demonstrated  that  the  parameters  of 
any  pump  may  be  represented  by  graphs  on  the  'coordinate  plane  Kh  ” 
Kq.  On  the  other  hand,  we  may  design  a  number  of  pumps  having 
different  design  characteristics  in  accordance  with  one  and  the 
same  values  of  the  parameters  Q,  H,  n,  and  D,  which  corresponds 
to  some  definite  point  on  the  plan  TCjj  —  Kq.  This  may  lead  to 
obtaining  different  values  of  the  hydraulic  efficiency  in  the 
calculated  operating  regime  of  the  pump. 


The  dependence  of^w^  upon  the  calculation  and  design  param¬ 
eters  of  the  pump  may  be  determined  from  expression  (4.18),  if 
we  assume  that  the  values  of  ctg  *wheel  an<*  ctS  ^rig>  determined 
by  formulas  (4.13)  and  (4.14),  do  not  depend  upon  Kq  and  Kg. 


The  solution  of  equation  (4 . IS )  may  be  found  by  the  method 
of  successive  approximations,  since  the  quantity  is  in¬ 
cluded  in  its  right-hand  and  left-hand  parts.  * 

The  appropriate  calculations  were  done  by  V.G.  Staritskiy; 
it  is  true  that  in  this  case  the  generalization  of  the  param¬ 
eters  by  the  coefficients  q>  and  was  made  (see  Section  33), 
which  does  not  differ  essentially  from  the  generalization  as¬ 
sumed  by  us  by  means  of  the  coefficients  Kq  and  %.  V.G.  Starit- 
skiy  assumed  the  values  of  ctg  Xwheel>  ctg  ^rig*  and77hyd  in  ac¬ 
cordance  with  the  results  of  tests  of  the  blading  system  of  a 
pump  with  the  calculation  value  of  the  specific  speed  ns  =  1170. 
The  pump  had  a  solidity  of  the  lattices  of  the  peripheral  sec¬ 
tions  of  the  rotor  wheel  equal  to  one,  and  a  solidity  of  the 
return-circuit  rig  also  approximately  equal  to  one.  The  values 
of  k„  =  y.Q=  1;  £0  +  C„  =  0,124,  were  accepted,  which  corresponds  to 

high  hydraulic  characteristics  of  the  input  and  output  of  the 
pump . 


The  results  of  the  calculations  of  V.G.  Staritskiy,  redone 
by  us  as  a  function  of  the  values  of  Kq  when  %  =  0.1,  are 
given  in  Pig.  33.  In  the  construction  of  this  graph,  the  con¬ 
dition  was  assumed  that  the  losses  are  distributed  between  the 
wheel  and  the  return-circuit  rig  proportionally  to  the  number  of 
diffusors  of  their  section  lattices,* which  follows  from  the  ex¬ 
pression  for  the  reaction  factor  (4.15),  i.e.. 


a-nJ 


ak  =  (i  —  nr)  e 


A,  =  (1  —  tlr)  (1.—  e). 


(4. 19) 


Pig.  33.  Hydraulic  losses  and  efficiency  as  a 
function  of  the  coefficient  KQ(l/t  =  1). 

In  Pig.  33  It  is  apparent  that  the  curve  of  the  efficiency 
as  a  function  of  Kq  has  a  maximum. 

Similar  graphs  may  be  constructed  for  different  values  of 
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Fig.  34.  Universal  efficiency  graph 
when  (l/t)per^  1.  £hep  =  per  =  peri¬ 
pheral;  onr  =  ^hyd  .opt  =  ^hydraulic, 

optimum^/ 

Kh  and  combined  into  one  universal  graph  (Pig.  34). 

An  experimental  check  demonstrated  that  the  given  graphs 
coincide  adequately  closely  with  the  results  of  tests  of  various 
pumps  having  a  ns  1000.  This  graph  may  be  successfully  applied 
for  preliminary  estimates  of  the  expected  magnitude  of  the  effi¬ 
ciency  of  the  pump  being  designed. 

With  the  same  calculated  values  of  Q  and  H,  the  pump  may 
be  designed  for  different  ratios  of  n  and  D,  i.e.,  for  differ¬ 
ent  calculated  magnitudes  of  Kq  and  Kjj.  The  graph  makes  it 
possible  to  select  the  optimum  ratio  of  n  and  D  of  the  pump 
being  designed,  and  the  maximum  efficiency  of  the  pump  may  be 
obtained  by  the  selection  of  the  parameters  corresponding  to 
the  dashed  line  'Vwj  ,0pt  in  Pig.  34.  In  Section  39  ib  will  be 
demonstrated  that  tor  comparatively  slow-speed  vessels  it  is 
necessary  to  use  axial  pumps  running  at  an  increased  speed,  and 
an  increase  of  ns  by  means  of  a  growth  of  the  value  of  Q  is 
desirable,  rather  than  an  increase  of  n,  i.e.,  by  means  of  an 
increase  in  Kq.  For  such  pumps  a  graph""has  been  constructed 
similar  to  the  one  shown  in  Fig.  3^»  The  basis  accepted  was  a 
pump  with  a  ns  d  1600,  in  which  ( J_\  -  0,3. 

V  t  )  IMP 

This  graph  is given  in  Fig.  35.  As  before,  here  it  was  as¬ 
sumed  that  £n  +  C0  =  0,124. 

.  1 

In  the  designing  of  water-jet  propulsion  systems,  it  is  neces 
sary  to  perform  a  separate  estimate  of  the  effect  of  the  blading 


system  and  the  pipelines  of  the  propulsion  system.  Preliminary 
estimate  of  the  qualities  of  the  blading  system  may  be  performed 
in  accordance  with  the  universal  graph.  The  graphs  in  Pigs.  36 
and  37  refer  to  the  same  two  types  of  pumps  as  the  graph  in 
Pigs.  34  and  35.  Here  C„  -I-  to  =  0. 


/ 


Pig.  35.  Universal  graph  of  efficiencies 
when  (l/t)per{stf  0.3. 


Pig.  36.  Efficiency  of  a  blading 
system  when  j((l/fc)per,rf  i  • 


Pig.  37.  Efficiency  of  blading  system  when 
(l/t)per^0*3. 
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Section  16. 


Selection  of  she  Diameter  and  Speed  of  Rotation  of 
a- Rotor  Wheel 


The  energy  characteristics  of  the  axial  pump  being  designed 
essentially  depends  upon  the  correctness  of  the  selection  of  its 
diameter  and  the  ratio  of  its  diameter  to  the  speed  of  rotation 
of  the  rotor  wheel. 

A.  A.  Lomakin  analyzing  the  standard  data  assumed  in 

the  calculation  of  pumps,  has  demonstrated  that  recommendations 
vi  or  Iced  out  in  practice  are  generalized  well  by  the  formula  pro¬ 
posed  by  S.S.  Rudnev  for  the  determination  of  the  axial  compo¬ 
nent  of  the  absolute  velocity  before  the  rotor  wheel: 

o  =  (0,06  -0.0S)  y/~n*Q,  (4,  20) 

/yz,0  -  vz >axial JJ  v.’here  ri  is  the  number  of  rpm  of  the  wheel. 

Its  application  may  be  reduced  to  the  constant  angular  char¬ 
acteristics  of  the  flow  before  the  wheel,  which  are  optimum  for 
all  pumps. 

In  continuing  this  analysis,  we  will  demonstrate  that  the 
assumption  of  unchanged  angular  characteristics  of  the  flow 
leads  to  obtaining  a  constant  value  of  the  flow-rate  coeffi¬ 
cient  Kq  for  all  pumps. 

Prom  the  conditions  of  flow  continuity,  the  axial  compo¬ 
nent  of  the  absolute  velocity  in  the  region  of  a  rotor  wheel 
of  an  impeller  pump  is 

°* =  "  (4. 21> 

where  d  =  /peT  -  Dfruh »7  is  the  hub-tip  ratio  of  the  wheel. 

Having  equalized  expressions  (4.20)  and  (4.21),  and  having 
determined  the  magnitude  of  the  pump's  intake,  after  simple 
transformations  we  find 

Q  =  (0,06 0,08)*/,  (-f  )V,(1  -  (4, 22) 

We  will  introduce  the  concept  of  the  flow-rate  factor  Kq: 

Q  =  ^/CQnD»,  (4,23) 

where  n  is  the  number  of  rpm  of  the  wheel. 

~  / 

Having  substituted  expression  (4.23)  into  formula  (4.22), 
we  obtain 

Kq  =  60  (0,06h-0,0S)’/.  -  </*)•/,.  (4, 24) 
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After  calculation  of  the  constants,  with  an  average  value 
of  the  experimental  coefficient  of  O.O06,  we  finally  see  that 

K9  0.7  (1  —  (4,  25) 

from  whence  it  follows  that  for  all  pumps  having  the  same  hub- 
tip  ratio,  the  acceptance  of  recommendations  (4.21)  is  equal  to 
the  requirement  according  to  which  the  pumps  must  be  designed 
for  one  and  the  same  value  of  flow-rate  coefficient. 

in  all  axial  pumps  included  in  GOST  /All-Union  State  Stan¬ 
dard/  9366-60,  the  hub-tip  ratio  varies  approximately  within 
limits  of  0.4  to  0.6.  According  to  formula  (4.25),  the  flow-- 
rate  coefficient  must  vary  within  limits  of  0.32  to  0.54.  Judging 
by  the  characteristics  of  these  pumps,  at  the  maximum  efficiency 
Ka  =  0.40-0.50,  which  agrees  well  with  the  conclusion  obtained 
above . 

Formulas  (4.20)  and  (4.21)  give  us  the  opportunity  to  de¬ 
termine  the  diameter  of  the  rotor  wheel  when  the  speed  of  its 
rotation  is  known,  and  the  latter  must  not  exceed  the  speed  pro¬ 
viding  for  cavitation-free  operation  of  the  pump. 

Vie  will  consider  the  specific  cavitation  speed  formula  (5.17) 

nVQ 

H,v  \v*  * 

10/ 

We  ttfill  express  the  magnitude  of  the  flow  rate  via  the  flow- 
rate  coefficient  (4.23): 


from  whence 


nD  = 


~~WT'  - 

c"-(W  _  c-'W 

60V»/C^»  15,3/Cq* 


(4.26) 


In  the  right-hand  part  of  equation  (4.26),  all  the  quan¬ 
tities  are  approximately  constant,  and,  consequently,  the  value 
of  the  product  nD  for  all  pumps  must  be  approximately  constant. 
We  will  assume  average  values  for  good  pumps:  C  =  1000;  =  1; 

/CQ=p.45-for  conventional  Dumps,  as  Kq  =  0.6  for  hlgn-speea  water- 
jet  pumps  (see  Section  4l). 


Having  substituted  these  values  into  formula  (4.26),  we  ob¬ 
tain:  for  conventional  pumps  (nD)i^  8.4  end  for  water-jet  pumps 
of  increased  operating  speed  (nD)2**  7.3  at  a  speed  of  rotation 
given  in  revolutions  per  second;  as  (nD)^  =  505  and  (nD)2  =  433 
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are  given  in  revolutions  per  minute.  We  will  note  that  six 
type  pumps  are  included  in  GOST  9366-60.  In  five  of  them  the 
recommended  values  of  nD  lie  within  limits  of  500-530  rpm. 

In  the  OP-3  pump,  the  cavitation  characteristics  ox’  which  are 
somewhat  higher,  the  average  magnitude  of  nD  is  equal  to  ap¬ 
proximately  65O  rpm. 

The  condition  nD  ^  const  is  equal  in  significance  to  the 
principle  of  constancy  of  the  maximum  peripheral  velocity  for 
all  type  axial  pumps: 

Uncp  =  /?«  =  =  0,0523 -nD. 

Consequently,  the  magnitudes  of  maximum  peripheral  velocities 
Upor  ctf  2?-27  m/sec  correspond  to  the  values  of  the  product  nD 
indicated  above.  At  increased  cavitation  characteristics  (in 
the  0P-3  pump),  uper  ^  33  m/sec,  and  for  water- jet  pumps  of 
increased  operating  speed,  uper  23  m/sec. 

Formulas  (4.20),  (4.21),  and  (4.26)  give  us  the  oppor¬ 
tunity,  with  known  cavitation  characteristics  of  the  pump,  to 
evaluate  the  diameter  and  velocity  of  rotation  of  the  rotor 
wheel  in  a  very  well-defined  manner,  in  practice.  However,  there 
are  almost  no  cases  when  the  parameters  determined  by  such  a 
method  may  be  applied  without  changes.  The  conditions  of  the 
installation  of  the  pumo  (height  of  suction  required),  its  link¬ 
age  with  the  pipelines  (especially  with  the  pressure  duct  of 
the  water  jet),  the  characteristics  of  the  drive,  always  re¬ 
quire  deviations  from  the  optimum  recommendations  of  the  esti¬ 
mate  obtained  in  the  calculations.  In  water-jet  propulsion 
systems,  it  is  frequently  advantageous  to  operate  the  pump  In 
such  operating  regimes  when  the  efficiency  is  less  than  maximum, 
such  as,  for  example,  vrith  high  flow  rates.  Here  the  cavita¬ 
tion  characteristics  of  the  pump  will  differ  from  the  optimum 
ones . 

The  application  of  the  formulas  indicated  makes  it  pos¬ 
sible  to  select  the  values  of  n  and  D  only  tentatively  at 
the  beginning  of  designing.  The  final  selection  of  n  and  D 
always  reduces  to  seeking  the  technical  optimum. 

A  consideration  of  variations  of  numbers  of  revolutions 
and  diameters  of  the  rotor  wheel  is  performed  with  an  estimate 
of  the  expected  magnitudes  of  the  efficiencies  according  to  the 
graphs  (see  Fig.  34  and  Section  35).  For  designing  water-jet 
pumps  and  considering  variations  of  the  pipelines  in  an  unchanged 
pump,  an  analogous  estimate  of  the  efficiency  may  be  performed 
by  using  the  graphs  in  Figs.  36  and  37.  I 


Section  17.  Determination  of  the  Magnitude  of  the  Hub-Tip  Ratio 

In  the  designing  of  rotor-wheel  blades,  the  head 
along  the  radius  is  assumed  to  be  constant,  i.e.,  A v„  (r)  =  const." 
The  flow  before  the  rotor  wheel  is  potential,  and  consequently 
vul  =  °*  This  leads  to  the  fact  that  with  a  reduction  of  the 
radius  the  angle  of  deflection  of  the  flow  /fluid  deflection^ 
by  the  lattice  increases,  and,  this  means,  that  the  blade  angle 
and  the  angle  of  curvature  of  the  sections  also  increase. 


Usually  the  diameter  of  the  hub  of  a  rotor  wheel  is  selected 
from  conditions  of  obtaining  an  acceptable  shape,  root  sections, 
and  the  design  accepted.  The  theoretical  validation  of  the  magni¬ 
tude  of  the  hub-tip  ratio  d  is  given  in  a  book  by  K. 

Pfleyderer  /ptj ,  which  is  the  only  work  in  this  field.  The  author 
has  demonstrated  that  only  such  a  value  of  d.  may  be  accepted  as 
limiting  in  which  the  angle  between  the  direction  of  the  rela¬ 
tive  velocity  beyond  the  root  section  of  the  blades  and  the 
lattice  axis  does  not  exceed  50°.  Using  this  condition,  K. 
Pfleyderer  obtained  the  formula 


/  I  M  \  /1.09HrV*/.  _J _ (  n,  \* 

\j)anx~V+p)  '  »g  Po.  .  V  365  ) [* 


(4.27) 


where  £  is  a  coefficient  considering  the  effect  of  the  finite 
number  of  blades  in  the  calculation  according  to  a  scheme  of  an 
infinite  num 
axially  symm 

=  ^rel  .axis 

between  the  relative  velocity  and  the  axis  of  the  lattice  be¬ 
fore  the  input  to  the  root  section. 


her  of  them,  i.e.,  according  to  the  scheme  of  an 
etrical  flow  in  the  wheel;  and  ^rei.axi"  /Fo  a  ~ 
=  ^relative  velocity  .lattice  axis  jj  anSl® 


According  to  this  formula,  K.  Pfleyderer  calculated  the 
appropriate  graph,  converted  by  us  to  show  the  quantity  as  a 
function  of  Kq,  and  showing  the  given  dashed  line,  in  Fig.  40. 

However,  the  use  of  this  curve  gives  us  the  opportunity 
to  determine  only  the  lower  boundary  of  the  value  of  <3. 

We  will  show  how,  by  using  the  data  from  results  of  tests 
of  high-quality  axial  pumps,  we  may  obtain  the  appropriate  de¬ 
pendence  for  determination  of  the  optimum  magnitude  of  the  hub- 
tip  ratio. 


The  specific  speed  of  the  pump  is 


219/i^g 
H *'♦  ' 


(4.28) 
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where  n  is  the  speed  or  rotation,  in  revolutions  per  second. 

The  magnitude  of  the  flow  rate  may  be  written  by  the  ex¬ 
pression 

- 4 - (4,29) 

The  axial  component  of  the  absolute  velocity,  from  the 
velocity  triangle,  is 


v*  =  (“  —  x)  tgP- 


(4,30) 


where  &<>  is  the  angle  between  the  mean  geometrical  relative  velo¬ 
city  and  the  axis  of  the  lattice. 


The  peripheral  velocity  of  the  root  section  is 


u  —  ru>  = -  •  -j--2n/i  =  dnDn. 


(4,31) 


Half  of  the  peripheral  component  of  the  absolute  velocity, 
from  the  basic  equation  of  the  operation  of  the  pump  when  vui  = 
=  0,  is 

~T  =  2i\rdnDn  ‘  .  (4,  32) 


Having  substituted  expressions  (4.31)  and  (4.32)  into  for¬ 
mula  (4.3o)  and  the  expression  obtained  as  a  result  of  this  into 
formula  (4.29),  after  simple  conversions  we  determine  that 

Q_jsp.(l_^(d  — (4.33) 

We  will  replace  the  magnitudes  of  the  flow  rate  and  the 
pressure  head  in  expression  (4.33)  by  the  corresponding  coeffi¬ 
cients  Kji  and  Kq: 

5^-)t8l>..  (4.34) 

We  will  substitute  expression  (4.34)  and  Kh  into  the  for¬ 
mula  for  the  specific  speed  (4.28).  We  finally  obtain 


It  was  demonstrated  above  (Section  16)  that  Kq  o*  const, 
and  consequently  a  well-de fined  connection  exists  between  the 
values  of  ns  and  Kj{.  We  note  that  the  flow-rate  coefficient  Kq 
varies  approximately  within  limits  of  0.4  to  0.6,  which  disrupts 
the  well-defined  connection  indicated.  However,  a  study  of  the 
characteristics  of  all  axial  pumps  with  85  percent  known 

to  us  made  it  possible  to  construct  a  curve  of  the  function 
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KH(ns)  upon  condition  that  both  quantities  were  taken  at  the 
point  of  the  maximum  efficiency  of  the  universal  characteris¬ 
tics  of  each  pump  (Fig.  38). 

In  the  root  sections  of  the  pumps  investigated  P- =35*38°. 
If  we  extend  this  value  of  poo  to  all  pumps  and  assume  the  con¬ 
nection  between  Kh  and  ns  according  to  the  curves  in  Fig.  38, 
formula  (4.35)  reflects  the  well-defined  dependence  betv.'een  the 
magnitudes  of  the  hub-tip  ratio  and  the  specific  speed. 

The  results  of  the  calculation  of  d(ns)  in  accordance 
’with  formula  (4.35)  are  given  in  the  form  of  a  solid  curve  in 

Fig.  39.  The  points  corresponding  to  all  pumps  investigated 

with  a'Tjno-  ^  85  percent  are  also  plotted*  here .  This  curve 
may  be  recommended  for  selection  of  the  magnitude  of  the 
hub-tip  ratio. 

Sometimes  it  is  more  convenient  to  select  the  magnitude 
of  the  nub-tip  ratio  as  a  function  of  the  pressure-head  coef¬ 
ficient,  and  not  as  a  function  of  the  specific  speed.  The  pre¬ 
sence  of  the  connection  Ky(ns)  (Fig.  38)  makes  it  possible  to 

reconstruct  the  graph  in  rig.  39*  In  ?ig.  40  the  results  of 
the  replacement  of  n<-  by  Ky,  i.e.,  the  dependence  d  =  d(Kjr), 
are  given.  The  dashed  line  shows  the  corresponding  limiting 
recommendation  of  K.  Pfleyderer. 


(nV&t 

Fig.  38.  Connection  of  optimum 
quantities  and  n3. 

Vie  will  note  that  examples  of  high-efficiency  water-jet 
pumps  exist  in  which  ^  >  40°,  but,  however,  the  hub- tip  ratio 

is  close  to  the  corresponding  values  according  to  the  curves 
in  Figs.  39  and  40. 
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Section  18.  Dependence  of  the  Position  of  the  Maximum  Efficienc 


upon  the  Solidity  of  the  lattice  of  Sections  of  a 
Rotor  Wheel 


In  axial  pumps  being  made  the  maximum  efficiency  most  fre¬ 
quently  occurs  at  a  pressure  head  that  is  greater  than  v;as  as¬ 
sumed  in  the  calculations;  more  rarely  at  a  pressure  head  that 
is  less  than  the  calculated  value,  and  quite  rarely  at  the  cal¬ 
culated  value.  The  cause  of  this,  as  a  rule,  lies  in  the  un¬ 
validated  selection  of  the  solidity  of  the  blade  lattice  of  the 
rotor  wheel,  the  energy  losses  in  which  determine  the  magnitude 
of  the  hydraulic  efficiency  of  the  blading  system. 

We  will  analyze  the  dependence  of  the  optimum  operating  re 


girne  of  a  pump  wheel  upon  the  solidity  of  the  lattices  of  its 
blades  /37/. 

According  to  the  hypothesis  of  cylindrical  sections  (see 
Chapter  3 ),  the  calculation  of  the  blades  of  a  rotor  wheel  can 
be  reduced  to  a  consideration  of  the  totality  of  straight  in¬ 
finite  lattices  of  sections. 


The  relationship  between  the  peripheral  components  of  the 
relative  velocities  up  to  the  lattice  and  after  it  are  deter¬ 
mined  by  the  expression 

=  7-.  '  (4.36) 

where  t  =  2irr/Z  is  the  peripheral  pitch  of  the  lattice. 

The  magnitude  of  the  pressure-head  losses  in  the  lattice 
is 

f>P  =  Pi  —  Pi  +  -f  (if*  2  -  wl ,)  =  v'A A.  (4. 37) 

where  p^  and  P2  is  the  pressure  before  the  lattice  and  after  it 
and  A h  represents  the  loss  of  head. 


With  a  constancy  of  head  along  the  radius. 


f  = 


2  ng// 

ZUljr  ’ 


(4.38) 


where  ^hyd  is  the  hydraulic  efficiency  of  the  rotor  wheel. 


H 


We  will  assume  that  —  =  H  +  Aft. 

l)r 

Having  substituted  this  expression  into  formula  (4.38),  we 
obtain 


p  __  HH  -'r  A h)g 


(4.39) 


We  will  project  the  vector  of  the  force  acting  on  the  sec¬ 
tion  from  the  side  where  the  flow  of  liquid  is  in  the  direction 
of  the  mean  geometrical  velocity  w,*>  in  the  lattice,  and  we  wil? 
designate  this  projection  as  X  (the  force  of  resistance). 

X  =  t  si  n  P„  •  bp. 


Having  replaced  Sp  according  to  formula  (4.37),  we  obtain 

X  =  Y  'sin  p.-AA.  .  '  (4,  40) 

Analogously,  for  the  lift  vector. 
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l 


Y  =  Y-~  (H  +  &h)t  +  y/cosp.-A/.  (4,41) 

We  will  express  the  resistance  via  the  resistance  factor 


X  =  CxQ^-l. 


(4,42) 


Since,  from  the  velocity  triangle,  sin  p.  =  1  then 


Sh  =  C, 


2g  sin  {)« 


—  r  — 


/ 


2«w*  ’ 


(4,43) 


where  wz  is  the  axial  component  of  the  relative  velocity  of  the 
flow. 

Similarly,  the  magnitude  of  the  lift  may  be  expressed  by 
the  formula 


W*m 


Y  —  QCl’ccf  —  -g—  t. 


(4,44) 


From  formula . (4 .44) *  using- expressions  (4.36),  and  having 
designated  -\vu  ~  t’u.  —  vttl,  we  obtain 


r  -  2r  _  2^« 

* ~  .  r 

jj  — 

O0  t 


(4,45) 


Assuming  that  (see  Sections  8  and  9)  vul  =  0  and  ^v„  = 
=  vup  =  vu,  from  the  basic  equation  of  the  operation  of  the  ] 


we  obtain 


pump 


vn  = 


gH_ 


(4.46) 


The  magnitude  of  relative  losses  of  specific  energy  in  the 
lattice  of  the  rotor  wheel  is 


T  Ah 

V  «  -  TT  • 


(4.47) 


Zhp.k  ^lat. wheel  ^lattice . (rotor) wheelZ/ 

From  thence,  with  a  consideration  of  formulas  (4.34)  and 
(4.46), 

(4,  48) 


/ 


Formula  (4.48)  shows  that  the  relative  magnitude  of  energy 
losses  in  the  rotor  wheel  depends  upon  the  solidity  of  the  lat¬ 
tice  of  sections.  The  quantity  vi*  increases  approximately  pro¬ 
portionally  to  the  radius  of  tne  section  under  consideration. 
Consequently,  the  greatest  power  losses,  determining  the  effi¬ 
ciency  of  the  entire  wheel  to  a  considerable  degree,  occur  in 
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the  peripheral  region  of  the  blades.  Prom  the  velocity  triangle 

wt  =  sin  vru  —  wm  cos  P«. 

Usually  in  the  peripheral  sections  Poo  #l£®.  In  this  case 
sin^co  =  0.3  and  cos /}<*»  =  0.95.  Consequently,  v/3  »  v;3  end  the 
deciding  quantity  in  formula  (4.38)  is  wu,  i/hicn  is  a  function 
of  the  peripheral  velocity  u  and  determines  the  magnitude  of 
the  head. 

Practice  in  calculation  and  experimental  investigations  of 
axial  hydraulic  machines  (pumps  and  turbines)  confirms  that  the 
variation  in  power  losses  (energy  losses)  in  a  rotor  wheel  has 
an  essential  inflxience  on  the  pressure  head  (revolutions)  of 
the  wheel  and  in  practice  has  no  effect  on  its  capacity  (flow 
rate).  This  makes  it  possible,  in  approximation,  to  investigate 
the  connection  between  the  solidity  of  the  peripheral  lattices 
of  sections  (l/t)y  and  the  pressure-head  coefficient  Kjj  (in 
turbines  n-J-),  if  &he  minimum  power  losses  in  the  rotor  wheel 
are  provided. 

In  the  rotor  wheel,  section  power  losses  and  non-section 
power  losses  (the  so-called  end  losses)  occur.  In  turn,  section 
losses  may  be  considered  as  losses  in  a  straight  plane  lattice 
of  infinite  elongation.  They  are  composed  of  friction  losses  in 
the  boundary  layer  on  the  section  and  vortex  losses  in  detach¬ 
ments  of  the  flow  on  the  section  and  beyond  its  trailing  edge. 

The  first  losses,  in  self-modelling  flow,  are  not  functions  of 
the  Reynolds  number  Re  and,  consequently,  are  not  functions  of 
the  operating  regime,  i,e.,  of  Cy.  The  second  losses  are  func¬ 
tions  of  the  quantity  C^.  ,  * 

End  power  losses  are  associated  with  the  finite  nature  of 
the  dimensions  of  the  blade  along  the  radius.  They  include: 

—  losses  caused  by  friction  on  the  walls  bounding  the  blade 
along  the  radius,  i.e.,  on  the  hub  and  chamber  of  the  rotor  'wheel 
(see  Section  9).  These  losses  are  functions  of  the  Reynolds 
number  Re  and  of  Cy.; 

—  losses  In  the  thickenings  of  the  boundary  layer  at  the 
surfaces  of  the  blades  where  they  come  in  contact  with  the  per** 
pendicular  walls  limiting  it.  These  thickened  sections  of  the 
boundary  layer  are  carried  away  by  the  basic  flow,  and  conse¬ 
quently  their  presence  causes  vortex  energy  losses,  which  are 
functions  of  Cy; 

—  losses  due  to  the  presence  of  a  clearance  between  the 
periphery  of  the  blade  and  the  rotor-wheel  chamber,  and  the  forma¬ 
tion  of  vortices  caused  by  this.  The  latter  is  a  function  of  the 
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pressure  difference  on  the  blade,  i.e.,  Cy. 

The  presence  of  end  phenomena  not  only  causes  the  forma¬ 
tion  of  additional  power  losses,  it  disrupts  the  cylindrical 
nature  of  the  flow  in  the  rotor  wheel,  i.e.,  it  changes  the 
nature  of  the  flow  around  its  blades  in  comparison  to  the  cal¬ 
culated  flow. 


However,  for  the  given  analysis  it  is  adequate  to  assume 
the  fact  of  a  connection  of  the  magnitude  of  power  losses  in 
the  wheel  with  end  phenomena  and  the  dependence  of  these  losses 
upon  the  operating  regime  of  the  wheel,  i.e.,  Cy. 

Prom  what 'has  been  said  it  follows  that  structurally  the 
magnitude  of  all  power  losses  in  the  rotor  wheel  may  be  repre¬ 
sented  by  a  second-degree  polynome 

Cx  =  aCl  +  bC„  +  c.  •  (4,49) 

where  a_,  b,  and  c  are  constants  depending  basically  upon  the 
geometry  of  the  Tattice. 


Y.Te  will  substitute  expression  (4.49^into  (4.48).  With  a 


consideration  of  formulas  (4.45)  and  (4.46),  we  obtain 


2gHwm 

2  2 
Tru 


gH 


+  C 


A. f) 

2 gH  T) 


(4,50) 


The  left-hand  part  of  this  equation  —  the  relative  magni¬ 
tude  of  power  losses  —  is  dimensionless.  Y?e  will  reduce  the 
right-hand  part  of  the  equation  to  the  dimensionless  form.  For 
this,  all  the  dimensional  quantities  are  expressed  via  the  cor 
responding  coefficients. 


YJe  will  note  that,  strictly  speaking,  the  pressure-head 
coefficient  has  dimensionality  /sec2/^. 


To  obtain  a  dimensionless  coefficient,  it  would  be  neces¬ 
sary  to  assume  that 


However,  we  will  make  use  of  the  pressure-head  coefficient 
without  g,  because  it  is  so  assumed  in  GOST  9366-60  with  respect 
to  axial  pumps.  Then  the  numerical  results  obtained  below  will 
not  diverge  from  those  present  in  the  GOST  mentioned. 

I 

V.e  will  substitute  the  expressions  already  applied  earlier 
into  equation  (4.50) 
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H  =  K„n'D'\ 

Q  =  KqnD\ 
u  =  jmD; 

t>u  __  gff  _  gK/jnD  . 
T*  2rjH<  2rjfJi  * 


tt’-  =  (u  — -nD^x  — 


_ . 

2»lr»  /  COS  (!•  ’ 


(4.52) 


We  will  substitute  expression  ( 4 .52)  into  formula  (4.50) 
and  reduce  it  to  the  form 


^p.  K.  — 


•lA'g 


\a  W"  (n  -  g«»  \  i . t- 

i)J.i2cosp„  \  2t)rn  )  l 


+  bl£r  ("  “  £)  + C  2^wcos»p.  (rt  £  )  T ]•  (4,53) 


Prom  formula  (4.53)  it  is  apparent  that  the  relative  magni¬ 
tude  of  power  losses  in  the  wheel  ar-e,  in  the  first  approxima¬ 
tion  (when  const)  a  function  of  only  two  variables  —  the 

pressure-head  coefficient  KH  and  the  solidity  of  the  peripheral 
lattice  of  sections  l/t.  To  find  the  minimum  of  relative  power 
losses,  we  differentiate  expression  (4.53)  with  respect  to  both 
variables. 


After  differentiation  of  the  expression  present  in  the 
brackets,  with  respect  to  the  pressure-head  coefficient,  we 
obtain 


a(V,l  _  2°g  , 

(n  *Kli) 

|  be  | 

(-0) 

<?(*«)  T)J.1?COS  p. 

t)^2cos*P. 

C 


(4.54) 


We  will  equalize  the  right-hand  part  of  equation  (4.54)  to 
zero  and  solve  it  relative  to  l/t,  meaning  by  this  the  solidity 
of  the  peripheral  lattice  of  sections.  We  obtain 


(tL— s+>^+7. 

(4.55) 

or 

s  fcosPM),  6  . 
ij2ji2*A*B  e  ' 

(4.56) 

r  co$3P.-B  a 

nJa2*A**B  e  ’ 

(4.57) 

A_.  *£;  B  =  »+  *£;  B«.- 

After  differentiation  of  the  expression  in  the  brackets 
in  formula  (4.53),  with  respect  to  the  second  variable  l/t,  v/e 
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obtain 


(  i  \  _  2cosp.  t/x 

\  t  Jo,  II  ~  _  •  V  T* 


(4.59) 


Prom  formulas  (4.56),  (4.57),  (4.53),  and  (4.59)  it  follows 
that  the  optimum  value  of  the  solidity  of  the  peripheral  lat¬ 
tice  of  blades  of  the  rotor  wheel  is  a  function  of  only  one 
variable  —  the  pressure-head  coefficient  Kg. 

VJe  will  note  that  in  the  final  solutions  it  is  not  the  coef¬ 
ficients  a,  b,  £  that  are  included,  but  the  ratios  of  two  of 
them  to  tEe  third.  It  is  apparent  that  both  solutions  must  be 
compa table,  and  the  quantities  a/c  and  b/c  for  them  are  the 
same,  pn  investigation  of  all  pumps  known  to  us  having  an  ef¬ 
ficiency  of  more  than  85  percent  has  demonstrated  that  compata- 
bility  of  the  solution  of  equations  (4.55)  and  (4.59)  is  pro¬ 
vided  at  constant  values  of  the  ratios  of  the  coefficients: 

•7*  =  8,15;  ±  =  -I5,0.  • 

The  equations  determining  the  magnitude  of  (l/t)opt  in¬ 
cludes  cosp^j  where  is  the  angle  between  the  direction  of 
the  mean  geometrical  relative  velocity  and  the  axis  of  the  peri¬ 
pheral  lattice  of  sections.  Using  data  from  the  pumps  investi¬ 
gated,  we  find  the  possible  values  of  this  angle. 


Prom  expression  (4.30) 


tgp.= 


j _ 


(4,60) 


The  peripheral  velocity  of  the  peripheral  lattice  is 


u  =  ~-(o  =  nDn, 

where  n  is  the  number  of  revolutions  per  second. 


(4.61) 


Prom  the  basic  equation  of  the  operation  of  the  pump  in  its 
peripheral  section  (with  a  constant  head  along  the  radius) 


p«»  _  gff  / 

2  “  2ij raDn  ’  ' 

or,  having  replaced  H  by  the  pressure-head  coefficient 

.  .  «■ 

The  axial  velocity  component  in  the  rotor  wheel  is 

„  _ _ 


(4.62) 


(4.63) 


Having  expressed  it  via  the  flow-rate  coefficient,  we  ob- 
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tain 


(4,64) 


AnD 


.1(1  -4*)  *<?' 


V/e  will  substitute  expressions  (4.6l),  (4.63),  and  (4.64) 
into  formula  (4.60).  After  simple  transformations  we  obtain 


tg  P-  = 


AKq 


(4.65) 


The  magnitude  of  the  hub-tip  ratio  c[  and  the  pressure-head 
coefficient  Kjj  are  connected  by  the  dependence  shown  in  the 
graph  in  Pig.  40.  The  flow-rate  coefficient,  for  all  axial  pumps, 
varies  from  0.4  to  O.o.  If  we  assume  that  the  value  of  the  hydrau 
lie  efficiency  is  not  a  function  of  the  operating  speed,  and  the 
quantity  (^hydJmean^  0.90  /subscript  cp  =  mean,  average^  is 
the  same  for  ali  pumps,  then,  with  a  consideration  of  the  con¬ 
nection  indicated,  according  to  formula  (4.65),  we  may  find  the 
tentative  values  of  the  angles  poo  for  the  peripheral  sections 
of  the  blades  of  a  rotor  wheel . 


T.7ith  a  variation  of  Kq  of  0.4  to  0.6,  and  the  lower  value 
of  the  pressure-head  coefficient,  the  angles  fioo  vary  within 
limits  of  14  to  lC  ,  and  with  the  upper  value  of  the  pressure- 
head  coefficient,  from  24  to  34°. 

If  the  angle  /?c<>was  constant  for  all  variations  of  Kq  and 
Kji,  then,  according  to  formula  (4.59),  there  would  be  a  linear 
connection  between  the  quantities  (l/t)0pt  and  (K}{)opt» 

Each  value  of  IC}j  has  its  own  range  of  possible  variations 
of  Pc*,,  which  disrupt  the  linearity  indicated .  However,  this  dis¬ 
ruption  is  not  very  significant. 

The  results  of  the  calculations  are  shown  in  the  graph  In 
Pig.  41.  Two  limiting  values  of  (l/t)opt  correspond  to  each  magni 
tude  of  Kh,  in  accordance  with  the  two  possible  limiting  values 
of ^0O.  Both  limiting  deviations  are  given  in  dashed  lines.  The 
mean  value  of  (l/t)0pt  is  approximated  well  by  the  straight  line 
(solid  line) . 

All  the  data  on  pumps  with  a  ^  85  percent  known  to  us 
are  plotted  on  the  graph. 

The  calculated  values  of  Kji  are  designated  by  white  cir¬ 
cles,  and  the  position  of  the  maximum  efficiency  according  to 
test  results  by  black  circles.  The  test  results  coincide  ade¬ 
quately  closely  to  those  obtained  by  the  theoretical  solution 
above .  .  / 


The  following  example  is  characteristic.  In  the  designing 
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Pig.  4l.  Dependence  of  the  pressure-head 
coefficient,  at  maximum  efficiency,  upon 
the  solidity  of  the  peripheral  lattice  of 
sections  of  the  rotor  wheel,  o  —  Calculated 
value  of  Ku:  o  —  Experimental  value  of 
(KH)oPt.  “ 

of  a  pump  with  a  calculated  ( required )  value  of  Kxj  =  0.103* 
the  optimum  value  of  (l/t)v  was  0.62  (see  Pig.  4l).  To  reduce 
friction  losses,  a  value  of  (l/t)y  =  0.3  v;as  accepted.  In 
tests,  in  the  calculated  regime,  a  value  of  oj  =  76  percent 
was  obtained,  and  when  Kjj  =  0.061  the  maximum  was  obtained, 
i.e.,  'fj  =  82  percent. 

Then  a  second  rotor  wheel  with  the  same  values  of  the  hub- 
tip  ratio  £  and  solidity  of  the  lattice  of  the  root  section  of 
the  blades,  but  with  a  (l/t)y  =  0.6, was  developed.  At  the  cal¬ 
culated  Kh,  in  spite  of  "the  double  elongation  of  the  peripheral 
sections,  the  efficiency  increased  by  7  Dercent  and  became  equal 
to  83  percent.  The  maximum  (33.5  percent)  was  with  a  Kj$  =  0.098 
(in  Pig.  4l  the  corresponding  points  are  marked  by  the  figures 
1,  2,  3,  and  4). 

It  is  interesting  to  note  that  no  matter  where  the  cal¬ 
culated  value  of  Kh  lay  at  the  selected  magnitude  of  solidity 
of  the  lattice,  to  the  right  or  to  the  left  of  the  theoretical 
curve  (Fig.  4l),  the  position  of  the  maximum  efficiency  was  not 
obtained  at  the  calculated  magnitude  of  Ku,  but  at  a  value  close 
to  the  theoretical  curve.  This  confirms  tne  assumption  that  power 
losses  in  the  peripheral  part  of  the  blades  of  the  rotor  wheel 
are  the  determining  factor. 
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The  curves  in  Pig.  ^1  give  us  the  opportunity,  at  known 
calculated  parameters  of  the  pump,  to  select  such  a  magni¬ 
tude  of  (l/t)vj  at  which  the  maximum  efficiency  will  occur 
at  the  calculated  value  of  the  head;  besides  this,  the  selected 
value  of  ^l/t)v  will  make  it  possible  to  determ  ne  in  advance 
at  what  magnitude  of  the  head  (different  from  the  calculated 
value)  the  efficiency  will  be  the  maximum.  The  latter  is  impor¬ 
tant  in  a  case  when  the  solidity  of  the  lattice  must  be  selected 
at  a  greater  value  than  the  optimum  one  (to  improve  the  cavita¬ 
tion  characteristics  of  the  pump). 

Section  19.  Selection  of  the  Design  Parameters  of  the  Blading 
System 


The  designing  of  the  blades  of  any  pump  must  provide: 

—  the  calculated  parameters  Q  and  Hj 

—  the  maximum  possible  efficiency^; 

—  cavitation-free  operation  of  the  wheel. 

The  power  characteristics  of  the  blading  system  are  basi¬ 
cally  determined  by  the  density  of  the  lattice  of  sections  of 
the  peripheral  section  of  the  rotor-wheel  blades.  However,  be¬ 
fore  we  commence  the  hydromechanical  calculation  of  the  blading 
system,  it  is  necessary  to  select  the  optimum  magnitude  of  the 
parameter  l/t  for  all  the  calculated  sections,  the  rotor  ttfheel, 
and  the  return-circuit  rig. 

The  basic  function  of  the  pump  is  to  increase  the  mechani¬ 
cal  energy  of  the  liquid  flowing  through  it.  The  magnitudes  of 
the  mean  absolute  velocity  up  to  the  blading  system  and  after 
it  are  approximately  the  same.  The  increase  in  flow  energy  is 
accomplished  almost  exclusively  by  means  of  an  increase  in  pres¬ 
sure.  Consequently,  the  magnitudes  of  the  relative  velocities 
beyond  the  lattices  always  must  be  less  than  they  are  before  them. 
This  is  valid  both  for  the  blades  of  the  wheel  and  the  blades 
of  the  return-circuit  rig. 

Lattices  of  pump  sections  are  always  diffuser  lattices. 

Flow  occurs  with  a  decrease  in  relative  velocity  and  an  increase 
in  pressure.  In  the  basic  flow  the  velocities  are  great,  and 
therefore  the  kinetic  energy  of  the  particles  of  liquid  is  ade¬ 
quate  to  overcome  the  positive  gradients  ("reverse  difference") 
of  pressure. 

In  the  boundary  layer,  the  velocity  decreases  (in  a  direc¬ 
tion  perpendicular  to  the  surface  around  which  the  flow  is  pass¬ 
ing),  from  the  magnitude  at  the  boundary  of  the  layer  which  is 
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equal  to  the  velocity  in  the  basic  flow,  to  zero  at  the  surface 
itself.  Without  dwelling  on  the  laws  of  motion  of  a  liquid  in 
a  boundary  layer,  we  will  note  that  the  kinetic  energy  of  the 
particles  moving  in  the  layer  is  small  and  may  turn  out  to  be 
inadequate  to  overcome  the  positive  pressure  gradient.  In  this 

case,  at  some  point  along  the  layer,  where  (Jh l\  --o.  the 

V  o,j 

flow  ceases.  Eeyond  this  critical  point  (or,  more  properly, 
section)  the  boundary  layer  is  torn  away  from  the  surface  around 
which  it  is  flowing,  and  a  region  under  it  is  formed  which  has 
an  inverse  direction  of  the  flow. 

If  the  fluid  is  flowing  around  a  surface  with  a  separation 
of  the  boundary  layer,  the  power  losses  due  to  vortex  forma¬ 
tion  in  the  region  beyond  the  detachment  increase  sharply,  and 
the  flow  around  the  surface  is  disrupted.  In  a  detached  flow 
around  the  profiles,  the  entire  picture  of  the  flow  in  the 
pump  changes;  the  flow  ceases  to  correspond  to  the  calculated 
characteristics,  and  the  head  becomes  less  than  that  required. 

Therefore,  in  the  designing  of  the  blading  system  of  a 
pump,  separation-free  flow  around  all  the  sections  must  manda- 
torily  be  provided.  Calculation  of  the  flow  of  a  viscous  liquid 
in  a  lattice  of  sections  and  determination  of  the  possible  separa 
tion  point  of  the  boundary  layer  at  the  present  time  presents 
considerable  difficulties.  The  solution  of  this  problem  may  be 
obtained  experimentally.  Results  of  experiments  on  systematic 
tests  of  straight-line  fixed  diffuser  lattices  were  very  well 
generalized  in  19^5  by  Howell  /9o/.  From  the  velocity  triangle 
(?ig.  15)  it  is  apparent  that  ^ne  peripheral  components  of  the 
absolute  velocities  are 


°U  1  =  ctg  Vut^v,  ctg  at.  (4, 66) 

The  velocity  circulation,  and,  this  means,  also  the  head, 
other  things  being  equal,  are  determined  by  the  difference  in 
directions  of  the  velocity  before  the  lattice  and  after  it: 

T  «  tvt  (ctg  a*  —  ctg  ai),  (4, 67) 

or,  by  means  of  the  angles  of  the  relative  velocity 

r  =  /Mctgp^ctgp,).  (4,68) 

i.e.,  in  the  final  analysis,  by  the. angle  of  rotation  of  the 
velocity  vector  in  the  lattice  Ap  ==  P*  —  Pi-  The  greater  the 
angle  of  rotation A/3 ,  the  greater  the  theoretical  head  that 
may  be  obtained  in  it.  1 

Experience  demonstrates  that  in  the  designing  of  axial  pumps 
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as  the  maximum  permissible  (calculated)  angle  of  rotation  of 
the  flov;  in  the  lattice,  an  angle  may  be  assumed  that  amounts 
to  80  percent  of  the  maximum  possible  value  in  the  given  lat¬ 
tice.  Usually  this  angle  is  called  the  nominal  angle  and  is 
designated  as 

Ap„  =  0Mpm„, 

We  will  note  that  the  calculated  operating  regime  may  be 
selected  at  a  value  of  A/ifnat  differs  from  the  nominal  value. 

The  wider  the  range  of  regulation  of  the  pump,  especially  to¬ 
ward  particular  capacities,  the  greater  the  reserve  that  must 
be  assumed  in  the  determination  of  the  permissible  angle  of 
rotation  of  the  flov;  (fluid  deflection)  (A/J) .  Prom  this  stand¬ 
point,  axial  pumps  of  water- jet  propulsion  systems  are  in  an 
especially  favorable  position.  The  head  of  a  water- jet  pump 
at  the  given  (calculated)  velocity  of  rotation  remains  prac¬ 
tically  unchanged  in  the  entire  range  of  speeds  of  the  ship 
(see  Chapter  7).  In  the  calculation  of  the  blading  system  of 
such  a  pump,  the  magnitudes  of  Aft  may  be  selected  with  a  value 
greater  than  nominal:  Ap  <  (0,90^-0,95)  APnt„. 

Regardless  of  what  has  been  said,  it  is  convenient  to  com¬ 
pare  all  the  characteristics  of  the  lattice  with  the  character¬ 
istics  occurring  at  some  one  selected  regime,  as  which  vre  ordi¬ 
narily  select  the  nominal  regime.  In  this  case,  the  relative 
characteristics  of  the  section  in  the  lattice  acquire  the  form 
shown  in  Fig.  42,  where  the  parameter  1~1h  .  serves  as  the 

*  *  ‘  H 

For  the  given  lattice  of  sections, 
a  definite  angle  of  attack  iK  corre¬ 
sponds  to  the  selected  (nominal)  fluid 
deflection,  i.e.,  quite  definite  angles 
/?1H  and  PgR*  which  are  also  called 
nominal. 


The  nominal  fluid  deflection jj 
is  a  function  of  the  geometrical  char¬ 
acteristics  of  the  lattice.  The  soli¬ 
dity  of  the  lattice  l/t  and  the  blade 
angle  have  the  greatest  influence. 
Howell  proposed  that  the  angle  of  the 
flov;  outlet  from  the  lattice,  i.e., 
the  angle  P 2R>  considered  instead 
of  the  blade  angle.  In  Fig.  43  a  graph 
proposed  by  Howell  is  sh£wn,  adapted 
by  us  from  reference  /El /  and  somewhat 
extrapolated  toward  small  outlet  angles 
which  corresponds  to  water- jet  pumps 
of  increased  operating  speed.  In  prac- 


dimensioniess  argument. 


Fig.  42.  Dependence  of 
the  relative  fluid  de¬ 
flection  and  the  resis¬ 
tance  factor  upon  the 
dimensionless  parameter 

T. 
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tice  (at  Leningrad  Polytechnics!  Institute),  the  permissibility 
of  this  extrapolation  has  been  confirmed. 

The  graph  gives  us  the  opportunity  to  determine  the  minimum 
permissible  solidity  of  the  lattice,  at  which  separation-free 
flow  is  provided,  according  to  the  values  of  Ap  and  p2  required 
in  the  calculation  of  the  lattice.  As  was  already  indicated 
above,  in  the  calculation  oC*  water-jet  pumps  we  may  assume 
that  ApPac,  >  ApH.  in  this  case,  for  determination  of  the  limit¬ 
ing  value  of  1/t,  it  is  assumed  that  Ap  =  (0,9->0,85)  Ap,,sC,.  /&PPeLCCt  « 

=^cal  =  ^calculated^7 

We  should  stipulate  that  the  curves  in  Fig.  43  we re  ob¬ 
tained  after  generalization  of  the  results  of  flow-tunnel  tests 
of  lattices  at  quite  high  flow  velocities,  providing  for  opera¬ 
tion  of  the  lattice  in  the  automodelling  region,  i.e.,  in  the 
region  in  which  the  friction  factors  are  not  functions  of  the 
magnitude  of  the  Reynolds  number.  Consequently,  this  graph  may 
be  used  only  in  the  same  conditions. 


Pig.  43.  Minimum  values  of  l/t  providing 
for  separation-free  flow  in  straight-line 
diffuser  section  lattices  with  20  percent 
safety  factor. 

In  diffuser  lattices,  we  may  tentatively  assume  that  the 
flow  will  be  automodelling  when 

-  \  Re  =  r^->2*10\  / 

where  wi  is  the  relative  velocity  at  the  intake  to ^ the  lattice; 
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1  is  the  length  of  the  chord  of  the  section;  and  y  is  the  kine¬ 
matic  coefficient  of  viscosity. 

Thus,  digressing  from  the  provision  of  the  required  cavita¬ 
tion  characteristics  (see  Chapter  5),  the  solidity  of  a  lattice 
of  blades  of  a  rotor  wheel  should  be  selected  in  accordance  with 
two  graphs:  according  to  the  graph  in  Fig.  4l  showing  the  soli¬ 
dity  of  the  peripheral  section  (l/t)per  and  according  to  the 
graph  in  Fig.  43,  showing  the  solidity  of  the  other  sections. 
Besides  this  it  is  necessary  that  the  length  of  the  sections 
1  vary  smoothly  along  the  span  of  the  blade  (along  the  radius). 

The  number  of  blades  is  usually  assumed  to  be  from  2-3  to 
6-7.  The  lower  limit  corresponds  to  pumps  of  increased  operat¬ 
ing  speed  (ns  >  15C0),and  the  upper  limit  to  low-speed  pumps 
(ns<500). 

Most  frequently  four  blades  are  selected.  The  main  cri¬ 
terion  in  the  selection  of  the  number  of  blades  is  the  considera¬ 
tion  of  strength  (see  Chapter  9).  The  return-circuit  rig  is  a 
fixed  lattice  of  sections  installed  in  direct  proximity  behind 
the  rotating  lattice  of  the  rotor  wheel.  In  a  multi-stage  pump, 
the  rotor  wheel  of  the  second  stage  operates  behind  the  return- 
circuit  rig  of  the  previous  stage.  The  viscosity  of  the  liquid 
is  the  cause  of  the  formation  of  a  "post-edge"  aerodynamic  vortex 
trail  beyond  each  section.  The  velocities  in  the  trail  are  ir¬ 
regular,  and  their  profile  has  a  nature  that  is  inverse  to  the 
distribution  in  a  turbulent  jet  (see  Fig.  44).  The  presence  of 
a  trail  leads  to  the  formation  of  hydraulic  losses,  estimate  of 
the  magnitude  of  which  is  adequately  fully  discussed  in  a  book 
by  M.Ye .  Deych  and  G.S.  Samoylovich  . 


Fig.  44.  Diagram  of  aerodynamic  trails  be¬ 
hind  a  lattice  of  sections.  1)  Basic  section; 

2)  Total  levelling  section;  3)  Initial  sec¬ 
tion. 

We  will  discuss  another  aspect  of  this  phenomenon  (see 
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references  /22;  747).  The  leading  edge  of  a  section  of  the  lat¬ 
tice,  located  beyond  the  given  one,  and  moving  relative  to  it, 
in  relative  motion  passes  through  the  aerodynamic  trails  of  the 
previous  lattice.  Consequently ,  on  the  leading  edge  of  the  sec¬ 
tion,  as  it  passes  through  one  pitch  of  the  previous  lattice, 
the  velocities  will  vary  in  magnitude  and  in  direction.  This 
periodic  irregularity  is  propagated  along  the  section  and  is 
of  the  same  nature  as  a  vortex,  and  therefore  its  velocity  moves 
along  the  section  close  to  the  basic  averaged  velocity  of  the 
flow  passing  around  the  section. 


P 


Pig.  45.  Pressure  distribu¬ 
tion  along  a  section,  l)  Pres¬ 
sure  side;  2)  Suction  side; 


The  periodicity  of  the  phe¬ 
nomenon  leads  to  the  formation  of 
a  series  of  pressure  and  velocity 
waves  on  the  given  section,  which 
move  along  the  section.  An  example 
of  the  lines  of  pressure  distribu¬ 
tion  along  a  section  at  a  certain 
moment  of  time  is  shown  in  Pig.  45 
The  pressure  distribution  curves 
on  a  turbine  section  (the  four- 
bladed  wheel  rotates  behind. a  24- 
blade  rig)  were  recorded  by  Ye.V. 
Gutovskiy  on  a  model 


Momentary  values; 
Averaged  values. 


Analysis  of  the  diagram  de¬ 
scribed  makes  it  possible  to  ob¬ 
tain  a  formula  for  the  unsteady- 
state  flow  factor 


K  _  Tt_ 

K  -  Tl  > 


(4. 69) 


Where  T-i  is  the  time  of  relative  motion  of  the  lattices  by  the 
magnitude  of  the  pitch  of  the  first  lattice;  Tg  is  the  time  of 
motion  of  the  wave  along  the  section.  The  formulas  obtained  by 
V,G.  Staritskiy  /Jk ~J  for  a  peripheral  lattice  may  be  reduced  to 
the  form 


K  — 

tiZtxaS 


(4,  70) 


where  lg;  tg;  and  W2  are  the  length  of  the  chord,  the  pitch,  and 
the  mean  relative  velocity,  respectively,  on  the  peripheral  sec¬ 
tion  of  the  second  lattice;  while  Zi  and  Zg  are  the  number  of 
blades  of  the  first  and  second  lattices. 

We  will  express  the  velocity  by  means  of  the  summary  dimen¬ 
sionless  coefficients;  omitting  the  derivation,  after  the  com¬ 
bination  of  all  constants  for  the  pump,  we  obtain: 


0,2-16  (|7'K 


where  'Jjhyd  is  the  hydraulic  efficiency  of  the  stage. 

It  is  apparent  that  in  unsteady-state  flow  the  summary  (aver¬ 
aged)  circulation  around  the  section  will  be  closer  to  the  cal¬ 
culated  value  (steady-state)  as  the  number  of  waves  simultaneously 
located  on  the  section  becomes  greater.  According  to  the  data 
of  V.G.  Staritskiy,  the  minimum  permissible  for  axial  pumps  cor¬ 
responds  to  K  =  2.  Then,  from  expression  (4.71), 

-§T  >  2  (t)j  1  /  °>162/Cq  0.246.17’K* .  (4.  72) 

Expression  (4.72)  gives  us  the  opportunity  to  select  the 
ratio  of  number  of  blades  (or  buckets)  of  a  rotor  wheel  and 
a  return-circuit  rig,  which  is  especially  desirable  In  the  de¬ 
signing  of  a  multi-stage  pump. 

What  has  been  said  about  the  mutual  influence  of  lattices 
is  also  entirely  applicable  to  the  installation  of  an  input 
stator  before  the  rotor  wheel  of  a  pump.  In  this  case  the  un- 
steady-state  nature  of  the  flow  around  the  blades,  besides  a 
possible  decrease  in  power  characteristics,  may  lead  to  a  marked 
deterioration  of  the  cavitation  characteristics  of  the  wheel 
also.  In  Pig.  46  an  example  of  the  notable  effect  of  an  input 
stator  on  the  power  characteristics  of  a  pump  is  given.  The 
trailing  edge  of  the  stator,  in  the  axial  direction,  was  lo¬ 
cated  at  a  distance  of  0.1  1  (l  is  the  chord  of  the  stator  column) 
from  the  leading  edge  of  the  bTades  of  the  wheel.  In  this  case, 
the  critical  cavitation  factor  o'ji  (see  Chapter  5)  in  a  pump 
with  a  stator  remained  practically  unchanged,  and  the  coeffi¬ 
cient  0~i,  characterizing  the  beginning  of  the  appearance  of  local 
cavitation  phenomena,  deteriorated  by  ^7-10  percent. 

Prom  what  has  been  said  it 
follows  that  if  it  is  necessary 
to  install  an  input  stator,  the 
axial  clearance  between  it  and 
the  wheel  must  be  assumed  to  be 
no  less  than  1.0  1  or  0.5  iwheel 
(lWheei  is  the  chord  of  the’ peri¬ 
pheral  section  of  the  wheel). 


This  distance  must  increase 
’  as  a  direct  factor  of  the  thick- 
(*\  ness  of  the  stator  column.  The 

'  1  M  ^  AM  4  W  T  r  ^  4  A  4“  A  A 

Pig.  46.  Example  of  the  ef¬ 
fect  of  an  input  stator  in¬ 
stalled  with  an  axial  clear¬ 
ance  of  0.1  1  (TsN-19  wheel), 
l)  Without  sTator;  2)  With 
stator;  3)  Q,  liters  per  sec. 


rawer  is  also  appncaoie  v»o  a 

case  when  the  input  stator  serves 
as  the  support  of  ,the  drive  bear¬ 
ing. 


Investigati£ns  of  multi-stage 
compressors  /20/  have  demonstrated 
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that  ‘the  optimum  dimensions  of  the  axial  clearance  between  the 
blades  of  the  wheel  and  the  apparatus  following  it  may  be  equal 
to  a/  0.10-0.15  1.  A  similar  recommendation  was  obtained  by  the 
author  also  in  The  investigation  of  one-stage  axial  pumps.  In 
multi-state  pumps  the  axial  clearance  between  the  wheel  and  the 
return-circuit  rig  before  it  may  be  assumed  to  be  tv:ice  that 
amount. 

Section  20.  "Coating”  the  Profiles  of  a  Section 

In  Chapter  3  the  advisability  of  applying  methods  in  the 
hydrodynamic  calculation  of  the  blading  system  of  a  pump  which 
would  permit  calculating  lattices  of  thin  profiles  was  demon¬ 
strated,  and,  in  particular,  the  me  hod  of  integral  equations 
devised  by  I.N.  Voznesenskiy  and  V.P.  Pekin.  The  next  problem 
is  the  replacement  of  the  thin  profiles  obtained  by  practical 
sections  having  a  finite  thickness.  The  replacement  must  be  per¬ 
formed  in  such  a  manner  that  the  summary  characteristics  of  the 
lattice  of  profiles  calculated  remains  unchanged. 

Some  authors  practice  a  method  of  "coating"  the  profiles 
by  a  symmetrical  section,  the  thickness  of  which  is  selected 
from  considerations  of  strength  (the  root  section  of  the  blade 
of  the  wheel)  or  from  considerations  of  ease  in  fabrication 
(the  periphery  of  the  wheel  or  the  blades  of  the  return-circuit 
rig) .  In  this  case,  the  calculated  profile  is  assumed  to  be  the 
centerline  of  the  section,  i.e.,  the  geometrical  position  of 
the  centers  of  circules  inscribed  in  the  section. 

At  the  present  time  the  task  of  considering  the  effect  of 
the  solid  nature  of  a  section  in  the  replacement  of  it  by  a 
thin  profile  is  almost  insoluble.  The  first  attempts  for  its 
approximate  solution  were  made  in  the  works  of  S.H.  Belotser- 
iovskiy,  A.S.  Ginevskiy,  Ya.Ye.  Polonskiy,  E.L.  Blokh,  and  S.A. 
Dovzhik  J_ p ;  9>  l6;  2^7* 

The  methodology  proposed  below  is  based  on  the  processing 
and  use  of  materials  published  by  the  authors  indicated,  especially 
the  data  explained  in  reference  /8 7. 

Lattices  of  sections  can  be  divided  Into  two  classes:  dif¬ 
fusion  lattices  and  contraction  lattices.  The  first  accomplish 
fluid  deflection  with  a  decrease  in  the  magnitude  of  relative 
velocity  and  are  used  In  pumps;  the  second  deflect  the  flow 
with  an  increase  in  relative  velocity,  and  are  used  in  turbines. 
Besides  this,  all  hydrodynamic  lattices  may  be  divided  into 
"thick"  and  "thin"  lattices.  "Thick"  lattices  inqlude  lattices 

(-j>  1, 2+1,4),  the  direction  of  the  velocity  beyond  which  is  prac¬ 
tically  independent  of  the  change  in  this  direction  before  the 
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lattice;  here  the  direction  of  the  velocity  beyond  the  lattice 
practically  coincides  with  the  direction  of  the  leading  element 
of  the  sections,  regardless  of  the  magnitude  of  the  velocity 

circulation.  By  "thin"  we  mean  lattices  where  <0, 5+0.7^,  '  the 

direction  of  the  velocity  beyond  which  is  essentially  a  func¬ 
tion  of  the  direction  of  the  velocity  before  the  lattice,  i.e., 
of  the  velocity  circulation  around  the  section  or  its  load.  Thus, 
in  "thick"  lattices  the  direction  of  the  velocity  beyond  the 
lattice  does  not  depend  upon  a  change  of  the  angle  of  attack  or 
lift  on  the  sections,  and  in  "thin"  lattices  it  does  essentially 
depend  upon  these  factors. 

The  effect  of  a  lattice’s  solid  nature  on  the  operation  of 
a  section  in  the  lattice  may  be  divided  into  two  components: 
change  in  the  mutual  influence  of  the  sections  in  the  lattice, 
in  comparison  to  a  lattice  of  thin  profiles  around  which  an 
ideal  liquid  is  flowing,  and  the  effect  of  the  viscosity  of 
the  liquid  on  a  change  in  the  velocity  distribution  along  the 
section. 

The  methodology  and  results  of  the  appropriate  calculations 
may  be  found  in  reference  /o7.  The  outlet  angle  of  the  flow  from 
a  lattice  of  thin  profiles,  around  which  an  ideal  liquid  is 
flowing,  in  the  symbols  used  by  us,  may  be  written  as 

ctgf>,  =^ctgP1  +  B  (4.73) 

where  fij  and  $2  are  the  angles  between  the  directions  of  the 
relative  velocity  vectors  and  the  axis  of  the  lattice  (before 
the  lattice  and  behind  it),  and  the  coefficients  A  and  B  are 
functions  of  the  geometrical  parameters  of  the  lattice  and  the 
lift  coefficient  of  the  section  in  the  lattice: 

1  rT  cl‘C0Sh 

1  1  ,  "  ! 

I  +  -4-  T  <vcosp0 
”2 

B  —  j  j  . 

Hereto  *s  non-circulatory  flow  angle.  For  a  lattice 
of  sections  of  circles,  in  the  symbols  used  by  us. 


C*  is  the  angular  lift  coefficient  with  an  aerodynamic  angle 
attack  of  i  =  0,  and 


(4.74) 

(4.75) 
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For  a  lattice  of  solid  sections,  these  coefficients  change, 
Their  magnitudes  may  be  obtained  from  the  approximate  formulas 


■4I-4+»(  4). 4. 

—  B  -}-  b  (~  ,  a,  p)  •  -4p. 


(4.76) . 

(4.77) 


The  dependences  of  the  additional  coefficients  a(l/t)  and 
p),  considering  the  effect  of  the  solid  nature  of  the 

sections,  have  been  calculated  in  reference  /5T7.  Consideration 
of  these  additional  coefficients  makes  it  possible  to  estimate 
in  approximation  the  change  in  velocity  circulation  around  a 
solid  section  in  a  lattice,  in  comparison  to  the  cir  ulation 
around  an  infinitely  thin  section. 

The  results  of  the  corresponding  calculations  have  been 
generalized  by  us  in  the  graph  in  Fig.  47.  Here  along  the  abscissa 
axis  we  have  plotted  the  values  of  the  additional  outlet  angle 

'9*==T-'^2’  and  along  the  ordinate  axes  the  ratio AT/c,  where 
T  =  f/1  is  the  relative  deflection  of  the  profile,  and  c-  =  dn/l 
is  the  maximum  relative  thickness.  The  ratio  7/c  is  connected 
with  the  parameter  of  the  curvature  of  the  profile 


On  the  graph  the  positive  values  of^o  correspond  to  the 
diffusor  (pump)  lattices  of  sections,  and  the  negative  values 
to  the  contraction  (turbine)  lattices. 

Prom  the  graph  it  is  apparent  that  for  solid  diffusion 
lattices  the  correction  7/ c  does  not  depend  upon  the  angle  of 
attack,  i.e.,  upon  the  fluid  deflection  A/?,  but  depends  only 
upon  the  direction  of  the  velocity  beyond  the  lattice.  For  thin 
lattices,  on  the  contrary,  the  magnitude  of  the  correction  is 
practically  independent  of  the  direction  of  the  velocity  beyond 
the  lattice  and  is  essentially  connected  with  the  fluid  deflec¬ 
tion,  i.e.,  with  the  angle  of  attack  and  the  lift. 

For  contraction  (turbine)  lattices  of  sections,  the  depen¬ 
dence  upon  the  fluid  deflection  begins  to  be  felt  earlier  than 
in  diffusor  lattices,  already  when  l/t  =  1. 

Let  us  consider  the  sequence  of  use  of  the  graph  (Fig.  47) 
using  the  lattices  whose  calculations  are  given  in  Table  1  as 
an  example.  As  a  result  of  the  calculation  performed  according 
to  the  method  of  1.17.  Voznesenskiy  and  V.F.  Pekin,  two  lattices 
of  profiles  were  obtained,  with  the  parameters:  l/t  =  1.15  and 
0.82;  relative  thickness  0.1045  and  6.0352;  blade  angle  «  =  50°12’ 
and  23032' ;  angle  of  curvature  =  28°12’  and  6°09* . 

The  flow  outlet  angle  may  be  calculated  from  the  formula 

(4-79) 

From  the  data'  in  Table  1  it  follows  that  the  angles  ^2  in 
these  lattices  were  equal  to  57°4o«  and  23°30',  so  that,  conse¬ 
quently,  the  corresponding  values  of  tfo  are  equal  to  32°20'  and 
b6°30« . 

From  the  graph  we  find  that  for  the  first  lattice  = 
and  for  the  second  ^C.20.  The  correction  for  curvature  is 

A  tg  =  2  -4r — -p- .  (4.80) 

For  the  first  lattice  A  tg =  0,029,  an(j  f0r  second  0.014. 
Consequently,  for  the  first  lattice  fi  =  31°lS' ,  and  for  the 
second  7°40',  i.e.,  in  the  first  case  the  curvature  must  be 
increased  by  approximately  3°  or  by  10  percent,  and  in  the 
second  by  approximately  1.5°  or  by  25  percent. 

The  viscosity  of  the  liquid  is  the  cause  of  the  formation 
of  a  boundary  layer  on  the  surface  of  the  section.  v7e  may  con¬ 
sider  that  the  actual  flow  around  the  section,  with  separation- 
free  flow,  does  not  occur  along  the  surface  of  the  section,  but 
along  the  boundary  of  the  displacement  thickness.  It  is  apparent 
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that  in  the  flow  around  a  curved  section,  on  its  convex  side 
the  displacement  thickness  at  the  leading  edge  will  always  be 
greater  than  on  the  concave  side.  Consequently,  the  so-called 
viscous  down wash,  i.e.,  the  deviation  of  the  direction  of  the 
velocity  of  the  actual  flow  beyond  the  section  from  the  direc¬ 
tion  calculated  for  an  ideal  liquid,  is  always  directed  toward 
a  decrease  in  the  deflection  of  the  velocity  in  the  lattice.  The 
velocity  circulation  in  a  real  flow  is  always  less  than  it  is 
in  an  ideal  flow.  In  diffuser  lattices  of  sections,  this  devia¬ 
tion  is  greater  than  in  contraction  lattices,  as  a  consequence 
of  which  in  the  former  the  thickness  of  the  boundary  layer  on 
the  convex  side  is  greater  than  in  the  latter, 

■  The  evaluation  of  the  effect  of  viscosity  may  be  performed 
by  calculation  of  the  boundary  layer  on  the  section  /32;  64;  JS/. 
It  seems  to  us  to  be  adequate  to  consider  the  viscosity  of  the 
flow  in  approximation,  in  accordance  with  A.S.  Ginevskiy's 
method  /B;  167.  According  to  his  data,  the  relationship  of  the 
velocity  circulation  in  an  ideal  liquid  to  the  circulation  in 
a  real  liquid  for  diffusor  lattices  of  sections  is 

Kr  =  =  0,86  -7-  0,93,  (4.81) 

Aa  =  ^ ideal  =  P ideal  (liquid)^7  and  the  coefficient  K  in¬ 
creases  as  the  solidity  of  the  lattices  increases.  For  axial 
pumps,  apparently,  it  is  adequate  to  assume  that  Kr  «0.9.  For 
contraction  lattices,  A.S.  Ginevskiy  recommends  Kr  =  0.95. 

In  the  calculation  of  lattices,  we  must  assume  that  ^ideal*54 
•sjl.in,  where  /”*  is  the  velocity  circulation  required. 

Section  21 .  Location  of  the  Return-Circuit  Rig 

The  location  of  the  engine  on  the  suction  duct  side  is  a 
design  feature  of  water-jet  pumps.  This  makes  the  installation 
and  disassembly  of  the  water  jet  considerably  easier,  especially 
If  the  guide  bearing  is  installed  on  the  suction  side  of  the 
rotor  wheel.  The  aspiration  of  some  designers  to  obtain  a  pump 
with  only  two  wetted  elements  leads  to  an  attempt  to  apply  a 
guide  rig  installed  before  the  wheel  instead  of  a  return-circuit 
rig  Installed  behind  the  wheel. 

Let  us  demonstrate  the  fact  that  such  a  replacement  is  in¬ 
tolerable*  /*\ -/hat  has  been  said  is  valid  only  for  a  one-stage 
pump  or  for  the  first  stage  of  a  multi-stage  pumpj/. 

In  Pig.  48,  diagrams  of  lattices  of  the  viheel  and  the  guide 
apparatus  are  given,  and  also  the  corresponding  velocity  tri¬ 
angles,  in  the  construction  of  which  we  worked  from  the  idea 
that  the  peripheral  velocities,  heads,  and  flow  rates  of  both 
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Pig.  48.  Mutual  arrangement  of  the  lat¬ 
tices  of  a  wheel  and  a  return-circuit  rig: 
a)  Conventional  diagram;  b)  Diagram  with 
return-circuit  rig. 

blading  systems  were  the  same.  Both  systems  provide  an  axial 
direction  of  the  flow  in  the  output  of  the  pump. 


In  the  flow  of  a  ideal  liquid  around  them,  both  systems 
are  of  equal  value  from  the  power  standpoint.  However,  in  the 
presence  of  viscosity  of  the  liquid,  the  efficiency  of  the 
system  with  return-circuit  rig  (Pig.  48,  b).  will  always  be 
lovfer  than  it  is  in  the  conventional  scheme  (Fig.  48,  a).  By 
using  the  velocity  triangle,  we  will  write  expression  7or  the 
mean  geometrical  relative  velocities  in  the  lattices  of  the 
rotor  wheels  of  both  systems 


'  V 2  +  (u 

j.  «\*, 

T  V  «♦ 

2  ) 

y »: + (» + 


(4.82) 


a  =  Woo  a  (i.e..  conventional  scheme);  w«>  i  =  we«  b 
scheme  usirtg return-circuit  rig)^/  Tiie  magnitude  of  the  peri¬ 
pheral  component  of  the  absolute  velocity  beyond  the  rotor 
wheel  is  included  in  both  expression  in  (4.82).  From  Pig.  48 
it  is  apparent  that  ‘'i.t,«=!0  and  >0.  Consequently, 
w...  <  It  is  also  apparent  that 

>  ®-.«— »V.>0.  (4,83) 

/ 

Prom  the  basic  equation  of  the  operation  of  the  pump 


JL. 

1H4 


(4.84) 
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We  nay  reduce  expression  (**.83),  with  a  consideration  of  formulas 
(4.S2)  and  (4.84),  when  Ka  =  and  ua  =  u*c,  to  the  form 


(4.85) 


=  ^hyd.b  -  ^hydraulic ,b( scheme  with  return-circuit  rig); 
'ty  r, a=  ^?hy d  . a  =  ^hydraulic  ,a(  conventional  scheme )r7*  ^  was 
demonstrated  above  that  this  inequality  is  always  valid.  Conse¬ 
quently,  'Jfhyd  ,b  <  ^hyd  .a >  i*6**  the  hydraulic  efficiency  of 
the  rotor  wneel  deteriorates  in  the  transition  to  the  scheme 
in  Fig.  48,  b. 


We  will  compare  the  cavitation  characteristics  of  the 
rotor  wheel  in  the  tv;o  schemes  for  installation  of  the 
return-circuit  rig.  These  characteristics  are  de¬ 

termined  by  the  magnitude  of  the  cavitation  factor  (see  Sec¬ 
tions  2o  and  27)  and  v;ill  be  higher  if  the  value  of  cf  becomes 
lower,  at  the  same  head. 


We  will  apply  formulas  (5.25)  and  (5.2o) 


The  difference  of  the  cavitation  characteristics  of  the  variations 
being  compared  (if  we  assume  that  m-C5£ma)  will  be 


a  -a  - 

°*  -  2 gH 


(4.86) 


From  condition  (4.83)  it  follows  that 

*6  >  <*,. 


i.e.,  the  cavitation  characteristics  always  deteriorate  in  the 
installation  of  a  return-circuit  rig. 


\ 
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Chapter  5 
CAVITATION 

Section  22.  The  Cavitation  Phenomenon 

Cavitation  is  what  we  call  the  disruption  of  the  continuity 
of  a  cfr-OD  liquid,  the  cause  of  which  is  the  formation  of  regions 
(bubbles;  in  the  liquid,  which  are  filled  with  steam  or  a  mix¬ 
ture  of  steam  and  gas. 

The  presence  of  cavitation  in  operating  conditions  leads 
to  a  change  in  their  dynamic  characteristics  (see  Section  24) 
and  reduces  reliability  of  operation  (see  Section  23  and  29). 

The  origin  and  increase  of  a  cavitation  bubble  is  a  complex 
and  rapidly  occurring  process,  depending  upon  many  factors .At 
the  initial  stage  of  the  development  of  the  bubble,  its  dimen¬ 
sions  are  very  small,  and  in  collapse,  .  all  the  phenomena  in  it 
occur  in  a  fraction  of  a  microsecond.  Therefore,  the  invesiga- 
tion  of  these  processes  present  exceptional  theoretical  and  ex¬ 
perimental  difficulties.  Because  of  this,  in  spite  of  the  large 
number  of  works  done  both  here  in  the  Soviet  Union  and  abroad, 
so  far  a  general  theory  of  cavitation  has  not  been  developed. 

The  only  work  in  which  the  most  complete  systematic  exposition 
of  the  contemporary  state  of  the  problem  is  presented,  subor¬ 
dinate  to  a  general  scheme,  is  the  book  by  A.D.  Pernik  /J$2 "J , 
Materials  from  this  work  were  partially  used  by  us  in  Sections 
22  and  23. 

Let  us  consider  the  process  of  the  origin  of  cavitation  In 
somewhat  greater  detail. 

The  cavitation  bubble  may  be  formed  only  at  such  a  point  in 
the  fluid  where  its  continuity  is  disrupted.  Real  fluids  (or 
liquids)  always  contain  a  large  number  of  impurities:  solid 
(unwetted)  particles,  gas  bubbles,  etc.,  which,  obviously,  serve 
as  weak  points,  or  nuclei,  facilitating  (or  making  easier)  a 
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disruption  of  continuity,  i.e.,  the  appearance  of  cavitation 
bubbles . 


The  pressure  at  a  point  in  a  moving  fluid  is  determined  by 
three  factors: 

—  the  pressure  on  the  free  surface; 

—  pressure  changes  as  a  consequence  of  the  presence  of  a 

flow,  and  the  variability  of  its  velocity;  , 

—  local  variations  in  velocity. 

The  first  two  factors  are  generally  known.  Vie  will  discuss 
the  third  in  somewhat  greater  detail. 

In  Bernoulli's  equation  determining  the  connection  between 
the  pressure  and  velocity  of  a  fluid,  the  magnitudes  of  the  mean 
and  averaged  velocities  are  included,  either  for  the  entire  flow 
or  for  the  flow  filament  band  under  consideration.  VJith  a  turbu¬ 
lent  nature  of  the  flow,  local  velocities  of  individual  particles 
of  the  fluid  may  exceed  the  mean  velocities  considerably.  However, 
these  turbulent  —  momentary  —  velocities  have  no  effect  on  the 
magnitude  of  pressure.  In  steady-state  vortex-free  flow,  the 
magnitudes  of  the  pressure,  both  in  the  flow  as  a  whole,  and 
at  any  arbitrary  point  in  it,  at  any  moment  of  time,  do  not 
depend  upon  the  degree  of  turbulence  of  the  flow. 

If  there  are  eddy  (vortex)  regions  in  the  flow,  in  them 
the  pressures  will  differ  from  the  pressure  in  the  basic  poten¬ 
tial  flow.  For  a  free  vortex,  expression  (3.22)  is  valid: 

vu==  const. 

As  we  approach  the  center  of  a  vortex,  the  radius  r  tends 
toward  zero,  and  the  peripheral  component  of  the  velocity 
tends  toward  infinity.  V/ithin  an  isolated  vortex,  the  pres¬ 
sure  tends  toward  zero,  i.e.,  conditions  for  the  origin  of 
cavitation  are  created  here.  From  what  has  been  said  it  follows 
that  the  presence  of  isolated  vortices  in  a  flow  of  fluid  may 
serve  as  the  cause  for  the  origin  of  local  cavitation  regions. 

Let  us  trace  the  process  of  the  formation  and  completion  of 
a  cavitation  bubble.  Assume  that  the  fluid  is  moving  with  a 
longitudinal  pressure  gradient  that  varies  in  sign,  such  as,  for 
example,  in  a  pipe  with  a  local  constriction  (Fig.  ^9).  A  cavi¬ 
tation  nucleus  —  an  air  bubble  —  is  moving  along  together  with 
the  fluid,  enters  the  zone  of  pressures  that  are  less  than  the 
saturation  pressure  (vapor-formation  pressure)  p^.  Here  the 
liquid  begins  to  boil.  Vapors  are  liberated  within  the  bubble. 
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and  its  dimensions  grow  rapidly, 
reaching  a  certain  dimension  cor¬ 
responding  to  the  new  state  of 
equilibrium  of  the  forces  acting 
on  the  bubble:  from  inside,  the 
vapor  pressure  (or,  more  properly, 
the  pressure  of  the  mixture  of 
steam  and  air),  and  from  outside 
the  pressure  of  the  liquid  and 
the  surface  tension  of  the  boundary. 

The  enlarged  bubble,  con¬ 
tinuing  to  move  together  with  the 
liquid,  passes  through  a  zone  of 
reduced  pressures,  after  which 
the  pressure  again  becomes  greater 
than  pd.  The  steam  within  the  bubble 
is  condensed  practically  instantaneously.  The  pressure  within 
drops  to  zero.  The  surrounding  fluid  rushes  in.  The  bubble  is 
collapsed . 

The  study  of  the  processes  occurring  during  the  collapse  of 
a  cavitation  bubble  is  of  greatest  interest.  If  we  consider  that 
a  bubble  contains  only  water  vapors,  after  condensation  the  col¬ 
lapse  of  a  hollow  sphere  occurs. 

An  analysis  of  such  an  idealized  process  of  total  collapse 
of  a  sphere  (to  zero)  in  an  incomoressible  liquid  was  performed 
in  1917  by  Rayleigh  /oZ?. 

In  particular,  he  obtained  a  formula  for  estimating  the 
maximum  pressure  developed  in  the  center  of  a  collapsing  sphere, 

(5'‘> 

where  p^x  is  the  maximum  pressure;  po  is  the  pressure  in  the 
liquid  at  an  infinite  distance  from  the  bubble,  z  =  Rp/R;  Rq  is 
the  initial  radius  of  the  bubble,  and  R  is  the  current  radius 
of  the  bubble. 

The  formula  demonstrates  that  as  the  radius  of  the  sphere 
decreases  to  zero,  the  quantity  2  increases  to  infinity  and  the 
maximum  pressure  also  tends  to  increase  to  infinity. 

A  certain  quantity  of  gas  is  alsoys  located  within  the  cavi¬ 
tation  bubble.  In  the  compression  of  the  bubble,) the  gas  pressure 
will  rise  until  it  reaches  the  point  when  it  stops  the  process 
of  compression  of  the  sphere.  The  maximum  pressure  in  this  case 
is  equal  to  r* 10,000  ata. 


Pig.  49.  Diagram  of  a  pipe 
with  local  constriction. 
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The  compression  of  the  bubble  occurs  so  rapidly  that  we 
may  assume  that  the  compression  of  the  3as  itself  in  it  occurs 
adiabatically  (without  any  heat  loss).  In  this  cose,  the  tem¬ 
perature  of  the  gas  rises.  Toward  the  end  of  the  compression 
process  the  maximum  temperature  is  /G2/: 


=  T 

toa-x  &. 


max 


Tr.  =  300  (l  +  4-  ’-W-)  =  10000  K°- 

^gas  .maximum^ 


(5.2) 


V/e  must  stipulate  that  such  high  pressure$and  temperatures 
exist  in  regions  with  very  small  dimensions,  close  to  zero,  and 
during  a  very  short  period  of  time  (a  fraction  of  a  microsecond). 


Under  the  influence  of  the  high  pressure  originating  within 
the  gas  bubble,  its  dimensions  again  begin  to  increase.  An  os¬ 
cillatory  process  originates,  which  rapidly  dies  out  under  the 
effect  of  the  viscosity  of  the  liquid. 


V/e  will  trace  the  development  of  cavitation  phenomena  in 
the  flow  around  part  of  hydraulic  machines,  such  as,  for  example, 
the  blades  of  the  rotor  wheel  of  an  axial  pump. 

V/e  will  consider  the  flow  around  some  section  by  a  liquid 
with  velocities  that  remain  unchanged  during  all  the  time  of  the 
investigation,  but  with  changing  (decreasing)  pressure  of  the 
external  flow.  At  the  initial  moment  of  our  discussion,  the  pres¬ 
sures  in  the  entire  flow  region  are  great,  and  there  is  no  cavi¬ 
tation.  The  minimum  pressure  in  the  region  of  the  wheel  occurs 
on  the  suction  surface  of  the  blade,  or,  more  properly,  at  the 
boundary  of  the  displacement  thickness  of  the  boundary  layer 
of  the  blade.  This  pressure  extends  unchanged  across  the  boundary 
layer  to  the  surface  of  the  blade.  In  a  case  when  a  vortex  motion 
is  formed  in  the  boundary  layer,  as  usually  occurs,  this  motion 
may  be  the  cause  of  the  formation  of  cavitation  bubbles  at  the 
centers  of  the  vortices.  Consequently,  the  first  cavitation 
bubbles  may  appear  within  the  displacement  thickness  of  the 
boundary  layer  on  the  suction  side  of  the  blade. 

Similar  phenomena  in  the  flow  around  axially  symmetrical 
bodies  were  Investigated  by  Kermin,  He Crew,  and  Perkin  /027.  In 
Fig.  50  the  distribution  of  bubbles  of  cavitation  seats  across 
the  boundary  layer  as  obtained  by  them  is  shown  (y  is  the 
transverse  coordinate,  and  $  is  the  thickness  of  che  boundary 
layer) .  The  maximum  number  of  bubbles  occurs  at  30  percent  of 
the  thickness  of  the  boundary  layer,  which  corresponds  to  ap¬ 
proximately  half  the  displacement  thickness. 

With  a  decrease  in  the  external  pressure,  the  seats  of  cavi¬ 
tation  present  in  the  layer  begin  to  develop  Into  cavitation 
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bubbles.  As  their  dimensions  increase 
to  a  magnitude  greater  than  the  thick¬ 
ness  of  the  boundary  layer,  the 
bubbles  begin  to  be  carried  away  by 
the  basic  flow,  as  they  advance  in 
the  layer  itself  and  beyond  the  limits 
of  the  zone  of  reduced  pressures  they 
collapse. 

With  the  subsequent  decrease  in 
total  pressure,  the  cavitation  bubbles 
begin  to  originate  also  in  the  basic 
flow,  at  the  outer  boundary  of  the 
PiS.  50.  Distribution  boundary  layer  on  the  blade.  After  a 

of  bubbles,  serving  as  further  decrease  in  external  pres- 

seats  of  cavitation,  sure  (other  things  being  equal)  the 

across  a  boundary  layer  number  and  dimensions  of  the  cavita- 

(according  to  data  de-  tion  bubbles  will  increase  until  such 
rived  by  Kermin.  McGrew,  time  as  they  begin  to  converge  into 
and  Perkin  /o2y  ) .  z  —  one  general  cavitation  cavity.  In  this 

number  of  buooles;  y  —  case,  actual  flow  will  already  not  oc- 

transverse  coordinate;  cur  ar0und  the  surface  of  the  blade 

b  —  thickness  of  bound-  (along  the  boundary  of  the  displacement 

ary  layer.  thickness),  but  along  the  surface  of 

the  cavitation  cavity.  As  the  external 
pressure  decreases,  the  dimensions  (length  along  the  flow]  of 
this  cavity  will  increase,  and  may  reach  a  size  equal  to  (or 
even  exceeding)  the  entire  length  of  the  blade. 

In  the  study  of  the  effect  cf  cavitation  of  the  operation 
of  a  hydraulic  machine,  we  must  distinguish  three  stages  of  the 
development  of  the  phenomenon: 

—  the  origin  of  cavitation; 

—  local  unsteady-state  cavitation; 

—  well-developed,  steady-state  cavitation. 

Well-developed  cavitation  is  characterized  by  the  presence 
of  a  general  cavitation  cavity. 

Section  23.  Cavitation  Erosion 

Engineering  practice  encountered  cavitation  erosion  in 
approximately  the  l890's.  This  phenomenon  was  observed  for  the 
first  time  in  screw  propellers  In  the  transition  to  high-speed 
drives.  Cases  of  catastrophic  erosion  of  screw  propellers  are 
known,  because  of  cavitation,  after  a  few  hours  of  operation  in 
high-speed  vessels  (/T37 ,  p.  9*0. 
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We  have  already  noted  that  in  the  collapse  of  a  cavitation 
bubble  considerable  pressures  and  high  temperatures  originate. 
This  is  apparently  accompanied  by  various  electromechanical 
processes.  Some  authors  consider  that  intensive  corrosion  phe¬ 
nomena  have  a  considerable  influence  on  cavitation  erosion. 

The  cardinal  solution  of  the  problem  of  protecting  machines 
against  cavitation  erosion  in  their  development  and  opei’ation 
is  providing  conditions  in  which  cavitation  is  impossible.  Tech¬ 
nical  progress  in  all  branches  of  hydraulic  machine-building  is 
proceeding  along  the  path  of  more  and  more  intensification  of 
the  cycles,  chiefly  by  increasing  operating  speed. 

However,  the  development  of  machines  which  would  entirely 
exclude  cavitation  is  not  feasible  for  considerations  of  a 
technical  and  economic  nature.  Because  of  this,  we  must  allow 
some  degree  of  the  development  of  cavitation  in  operating 
machines,  and  provide  reliability  of  operation  by  the  applica¬ 
tion  of  special  materials  capable  of  resisting  cavitation 
damages. 

For  the  discovery  of  such  materials,  comparative  tests  of 
the  resistance  of  materials  in  cavitation  conditions  are  per¬ 
formed  . 

The  most  complete  results  may  be  obtained  in  investigations 
of  cavitation  erosion  in  operating  machines.  But  this  requires 
a  prolonged  cycle  of  tests  (sometimes  several  years),  the  cost 
of  which  is  very  high.  Therefore,  investigations  of  cavitation 
erosion  are  usually  not  performed  with  finished  machines,  but 
by  means  of  testing  samples  of  various  materials. 

Three  methods  of  laboratory  investigation  of  samples  are 
used  (for  experimental  installations  and  test  results,  see  Figs. 
51-57). 


Fig.  51.  Diagram  of  a  cavita-  Pig.  52.  Diagram  of  a  shock- 
tion  nozzle,  a)  Sample  being  jet  installation.  1)  Jet  of 
tested.  water;  2)  Sample  being  tested. 


The  first  method  lies  in  pumping  water  through  a  Venturi 
nozzle  (Fig.  51)  at  a  high  velocity  (up  to  50-100  m/sec).  Cavita- 


PiG*  53.  Diagram 
of  a  magnitostric- 
tion  installation, 
l)  Sample  being 
tested;  2)  and  3) 
Outlet  and  inlet 


tion  originates  in  the  narrow  section  of 
the  nozzle;  in  the  diffuser  part  the  pres¬ 
sure  grows,  and  the  cavitation  cavities 
collapse.  The  samples  of  materials  being 
tested  are  placed  in  the  diffuser  section. 

In  Fig.  55  a  photograph  of  a  sample  of  lead 
which  was  tested  in  a  cavitation  nozzle  is 
given  (Leningrad  Polytechnical  Institute, 
1935) .  The  cavitation  effect  lasted  30 
minutes.  The  sample,  6  mm  thick,  was  pierced 
through  in  several  places. 

To  obtain  noticeable  damages  in  samples 
of  the  more  resistant  materials,  such  as, 
for  example,  stainless  steels,  such  tests 
must  last  100  hours  or  more.  In  comparative 
tests  of  various  materials,  more  intensive 
methods  are  applied,  of  which  the  most 
simple  is  the  so-called  shock  or  shock- 
jet  installation  (Fig.  52),  made  for  the 
first  time  by  Honeger  in  1927. 


Even  more  rapid  destruction  is  obtained 
h)  Nicicej.  miDe,  ln  a  maSnitostriction  installation  (Fig.  53). 

The  sample  of  material  being  studied  is 
fastened  to  the  end  of  a  tube  which  is  lowered  into  the  liquid. 
Under  the  Influence  of  a  variable  magnetic  field,  the  length  of 
the  tube  Is  varied,  and  the  sample  oscillates  together  with  the 
end  of  the  tube.  In  this  case,  the  edge  of  the  sample  is  alter¬ 
nately  torn  free  from  the  liquid,  and  lowered  into* it,  as  a 
result  of  which  cavitation  cavities  sometimes  originate  and 
sometimes  collapse  under  the  edge. 


How  does  the  destruction  of  the  material  occur  during  cavi¬ 
tation?  There  is  no  single  validated  point  of  view  of  this  prob¬ 
lem.  Me  will  expound  briefly  a  hypothesis  supported  by  the 
greatest  number  of  authors  and,  apparently,  correctly  describ¬ 
ing  the  principal  things  in  the  phenomenon  being  investigated. 


A  considerable  number  of  cavitation  bubbles  collapse  directly 
on  the  surface  around  which  the  flow  is  passing,  since  usually 
cavitation  intensity  is  maximum  near  this  surface.  In  this  case, 
the  liquid  surrounding  the  collapsing  bubble  rushes  Into  its 
center.  On  the  surface  of  the  material,  a  zone  of  high  local 
pressure  Is  formed.  Since  this  pressure  Is,  in  practice,  act¬ 
ing  at  the  point  and  during  a  short  time  (^  0.001  sec),  in  It-  - 
self  it  cannot  cause  any  damage.  But  such  "shocks"  during  opera¬ 
tion  (or  testing)  are  periodically  repeated  many  times.  This 
causes  a  surface  hardening  of  the  metal,  and  then  destruction 
of  the  thin  hardened  layer. 
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Pig.  5*J.  Resistance  of  certain  materials  to 
cavitation  erosion,  l)  Grav  cast  iron;  2)  — 

7)  Various  cast  "bronzes;  8)  Carbon  steel; 

9)  The  same  steel,  after  being  quenched; 

10)  Stainless  steel;  11 )  Weight  loss  of 
samples,  mg;  12)  Resistance  of  samples,  hours. 

The  main  factor  causing  this  destruction  is  apparently 
the  surface  fatigue  caused  by  a  cycle  of  one-sided  compres¬ 
sion. 


Interesting  results  of  microscopic  investigations  appear  in  a 
book  by  L. A .  Glilcman,  especially  for  stainless  austenitic  steel 
lKhl8Ye9T.  The  effect  of  cavitation  led  to  the  appearance  of 
characteristic  intracrystalline  lines  of  displacement  due  to 
fatigue.  Measurements  of  microhardness  confirmed  that  "cavita¬ 
tion  damage  is  accompanied  by  plastic  deformation  (hardening) 
of  a  thin  surface  layer"  (L.A.  Glikman/l87,  p.  156),  the  depth 
of  which  was  20-30  p  for  steel  lKhl9N9T  after  5  minutes  of 
testing. 

Destruction  of  a  material  as  a  result  of  cavitation  ero¬ 
sion  usually  occurs  in  a  definite  sequence.  At  first  local 
dents  appear  on  the  surface  of  the  material,  the  dimensions 
of  which  vary  as  a  function  of  the  intensity  of  the  process 
and  the  characteristics  of  the  material.  For  hard  metals,  such 
as  quenched  and  polished  carbon  or  stainless  steels,  for  example, 
the  dimensions  of  the  "pock  marks"  vary  from  0.00005  to  0.025* mm. 
In  lead,  the  dents  may  reach  greater  dimensions.  In  the  sample 
shown  in  Fig,  55*  they  are  equal  to  *i-5  mm. 

With  a  further  effect  of  cavitation,  the  number  and  dimen¬ 
sions  of  the  dents  increase,  they  Join  together,  and  the  sur¬ 
face  acquires  a  characteristic  corrugated,  spongy  nature  (see 
Pig.  57). 

The  further  process  of  destruction  depends  upon  the  struc¬ 
ture  of  the  material.  In  the  presence  of  components  of  various 
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strength  in  the  material  (such  as,  for  example,  graphite  grains 
in  cast  iron)  at  first  the  soft  components  begin  to  break  down, 
and  then  the  harder  ones  chip  off.  With  a  structure  that  is 
uniform  in  hardness,  destruction  begins  along  the  edges  of  the 
grains,  or  within  the  grains,  along  lines  of  fatigue  displace¬ 
ments  . 


After  the  destruction  of  the  surface  has  begun,  the  rate 
of  the  process  increases  considerably.  A  curve  of  the  weight 
loss  of  a  sample,  as  a  rule,  has  two  characteristic  sections 
(see  Pig.  5*0:  the  first  (initial)  is  slow  and  the  second  shows 
rapid  destruction. 

Apparently,  in  the  cavitation  effect  on  a  material,  thermal, 
chemical,  and  electrochemical  factors  influence  the  accelera¬ 
tion  of  the  processes  of  surface  hardening  and  further  destruc¬ 
tion  of  the  material  simultaneously.  Frequently,  especially  in 
tests  of  non-ferrous  metals,  the  characteristic  oxide  films, 
or  temper  colors,  appear  on  the  surface  subjected  to  cavitation 
effects.  The  author  has  observed  them  in  brass  samples  tested 
in  a  shock-jet  installation  (at  the  Leningrad  Metal  Plant,  1939) 
and  in  bronze  blades  of  model  axial  pumps  (Leningrad  Polytech- 
nical  Institute,  1950-1962).  However,  in  our  opinion,  the  ero- 
sional  effect  of  cavitation  is  the  determining  one.  Usually  this 
is  confirmed  by  facts  of  the  rapid  breakdown  of  such  chemically 
neutral  materials  as  glass,  for  example,  by  cavitation.  In 
general,  we  should  note  that  in  nature  as  yet  materials  are  not 
known  that  would  not  break  down  under  the  effect  cf  cavitation. 

Vie  will  note  that  chemical  factors  may  have  great  signifi¬ 
cance.  Thus,  erosion  damages  in  sea  water  occur  somewhat  faster 
than  they  do  in  fresh  water.  Apparently,  it  is  not  corrosion 
damage  in  itself  that  plays  the  part  here,  but  the  acceleration 
of  the  erosional  effect  in  the  presence  of  corrosion. 

The  results  of  comparative  tests  of  the  erosional  resis¬ 
tance  of  different  materials  during  the  effect  of  cavitation  on 
them,  as  conducted  by  many  authors,  are  similar  to  the  results 
of  tests  performed  at  the  Hydraulic  Test  Station  of  the  Lenin¬ 
grad  Metal  Plant  in  1939 ,  in  which  the  author  participated  (Fig. 
5*0.  In  Fig.  56  the  samples  are  shown  after  their  testing  in 
a  shock-jet  installation.  The  numbers  of  the  samples  correspond 
to  the  symbols  in  Fig.  54.  Later  data  concerning  the  compara¬ 
tive  resistance  to  cavitation  erosion  of  certain  materials  used 
for  fabrication  of  blades  for  the  rotor  wheels  of  axial  pumps 
used  in  water- jet  propulsion  systems  are  given  in  Table  2.  The 
table  was  compiled  by  us  from  materials  published  in  the  book 
by  V.Ya.  Karelin  /34/.  As  a  criterion  of  the  material  strength, 
we  assumed  the  weight  loss  of  the  specimen  after  2  hours  of 
testing  in  a  magnitostriction  instrument.  From  the  table  it  is 
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Fig.  57.  Beginning  of  cavitation  erosion  on  a  bronze 
blade  in  a  model  axial  pump. 


apparent  that  aluminum  bronze  of  great  hardness  and  chrome- 
nickel  steel  are  the  most  resistant.  Carbon  steel  resists  cavi¬ 
tation  destruction  only  an  eighth  as  well,  and  cast  iron  only 
l/l8th  as  well. 

Section  24.  The  Effect  of  Section  Cavitation  on  the  Dynamic  Char¬ 
acter  is  fics  of  a~ "Rotor inieel 

A  characteristic  drawing  of  the  lines  of  pressure  distribu¬ 
tion  along  the  peripheral  section  of  a  blade  of  a  rotor  wheel 
for  an  axial  pump  (0D-10  V/ater-Jet  Pump)  is  shown  in  Pig.  58. 

We  will  trace  its  variation  in  cavitation  tests  which  are 
usually  conducted  (see  Section  32)  in  the  following  conditions. 

The  operating  regime  of  the  pump,  i.e.,  the  quantities  n, 

H,  and  Q  remain  constant;  only  the  pressure  on  the  free  surface 
is  varied,  i.e.,  the  general  pressure  in  the  entire  flow,  which 
on  the  outline  corresponds  to  the  upward  movement  of  the  zero 
value  of  the  pressure  scale. _ 

On  the  leading  edge  of  the  suction  surface  of  the  section, 
there  is  a  sharp  vacuum  peak.  Even  at  normal  operating  condi¬ 
tions  (not  cavitation  conditions),  the  magnitude  of  this  partial 
vacuum  (rarefaction)  may  be  greater  than  the  saturation  pres¬ 
sure  Pd  (it  is  not  shown  in  the  drawing) .  Then  conditions  for 
the  formation  of  cavitation  are  created  at  the  edge.  The  pres¬ 
sure  in  this  zone  will  be  higher  than  in  the  drawing.  It  will 
be  limited  by  the  quantity  p^,  and  the  peak,  as  it  were,  is  cut 
off.  However,  the  area  of  the  drawing  under  the  peak  is  small 
and  its  "truncation"  has  no  noticeable  effect  on  the  total  area 
of  the  drawing,  i.e.,  on  the  lift  of  the  section. 

With  subsequent  decrease  in  the  general  pressure  in  the  flow 
a  larger  and  larger  part  of  the  diagram  at  the  suction  surface 
of  the  blade  will  be  decreased  in  comparison  to  the  quantity  p<j 
and  the  cavitation  zone  will  be  propagated  wider  and  wider  along 
the  surface.  The  pressure  on  the  blade  (with  preservation  of  the 
head)  will  begin  to  be  redistributed.  The  process  will  develop 
until  such  time  as  the  possible  redistribution  becomes  adequate, 
after  which  the  total  area  of  the  pressure  curve,  and  conse¬ 
quently,  the  lift  and  the  head  being  developed  for  the  blade 
element  under  consideration,  will  begin  to  decrease.  The  redis¬ 
tribution  of  pressures  on  the  section  is  associated  with  the 
change  in  relative  velocity.  As  a  rule,  this  leads  to  an  increase 
of  the  diffuser  sections  of  the  curve  of  the  velocity  distribu¬ 
tion,  i.e.,  the  sections  in  which  velocity  drops  and  pressure 
grows.  The  latter  causes  a  growth  in  drag  resistance  of  the  sec¬ 
tion,  which,  in  turn,  is  the  cause  of  the  relative  increase  of 
power  consumed,  and,  consequently,  the  drop  in  the  efficiency  of 
the  pump . 


TABLE  2 


Weight  Losses  of  Various  Materials  After  2  Hours  of 
Cavitation  Effect 
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(8) 
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Cu-83,1 

235 

5.8 

(.10) 
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(8)to  »e 

A1  —  12,4 

Fe  -  4.1 

Cr  -  IS;  Ki  -  8 

8)  To  we 

13,0 

Cr  —  18;  Ni  —  9 
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22.0 
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V 
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1)  Material;  2)  Approximate  chemical  composition, 

3)  Treatment;  4)  Initial  weight;  5)  Weight  loss,  ing; 

6}  Aluminum  bronze;  7)  Hot  rolled;  8)  The  same; 

9)  Cast;  10)  Stainless  steel;  11)  Manganese  bronze; 

12]  High-grade  carbon  steel  (thick  sheet);  13}  Rolled; 
14)  Carbon  steel;  13)  Aluminum;  l6)  Brass;  17)  Cast 
iron. 
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Pig.  58.  Calculation 
drawing  of  the  distribu¬ 
tion  of  dimensionless 
pressure  p  along  the 
peripheral  section  of 
an  0D-10  rotor  wheel. 


The  entire  process  may  be  illu¬ 
strated  by  the  so-called  separation 
characteristics.  In  Pig.  59* the  char¬ 
acteristics  are  shown  which  are  ob¬ 
tained  in  cavitation  tests  of  a  model 
of  a  rotor  wheel  for  an  0D-10  water- 
jet  pump,  in  one  of  its  operating  re¬ 
gimes.  We  will  note  that  usually  the 
degree  of  slope  in  the  change  In  head 
grows  as  the  specific  speed  of  the 
pump  increases.  In  centrifugal  (slow- 
speed)  pumps  this  change  has  quite  a 
sharp  nature.  After  the  bending  of  the 
pressure-head  line,  a  disruption  of 
the  operation  of  the  pump,  i.e.,  a 
sharp  drop  of  the  pressure  head,  sets 
in  rapidly.  In  axial  pumps,  especially 
high-speed  pumps,  the  curves  change 
more  gently,  and  frequently  we  do  not 
succeed  in  obtaining  a  total  separation 
at  all.  Even  in  conditions  where  the 


cavitation  zone  covers  the  entire  section,  the  section  continues 
to  develop  a  lift.  The  operation  of  the  so-called  supercavitating 
screws  proposed  by  Academician  V.L.  Pozdyunin  is  based  on  this 
in  particular. 

In  the  change  of  total  flow  pressure  under  consideration, 
the  cavitation  zone  grows  from  the  leading  edge  along  the  suc¬ 
tion  surface.  This  process  is  shown  in  the  photographs  obtained 
in  cavitation  tests.  A  photograph  given  in  Pig.  So,  A,  B,  or  C 
under  this  number,  corresponds  to  each  point  on  the  curves  (Pig. 
59).  On  the  photographs,  the  blade  moves  from  top  to  bottom 
relative  to  the  objective  lens,  and  the  flow  from  left  to  right, 
i.e.,  the  suction  surface  of  the  blade  is  visible. 


t.mci*  (1)  In  photograph  1,  a  local  cavi- 

”l  [~p  |~|  [  — f- ]~|  | - 1  |  |  tation  zone  at  the  leading  edge  is 

visible.  Then  this  zone  grows 

_ LIT _ J  along  the  blade.  It  is  character- 

h - HZ-  istic  that  on  the  curves  up  to 

rc-f - U — <j— I --o — —  point  6,  no  changes  occur,  i.e., 

- PV-  the  general  characteristics  of 

$ _ _ _ _ 7  the  pumps  are  not  disrupted,  while 

u  l  —  =  - 4  — Z P3 _  on  the  photographs  it  is  apparent 

V - rUH  that  cavitation  at  this  point  has 

— - already  extended  along  the  entire 

/  -i  }  i  }  t  j  t  h,'m  leading  edge.  A  well-developed  — 

steady-state  —  cavitation  cavity 
Pig.  59.  Separation  character-  has  formed,  covering  25-30  per¬ 
is  tics  obtained  in  cavitation  cent  of  the  suction  surface  of 
tests  of  the  0D-10  pump,  l)  Q,  the  blade.  Only  after  this  (point 
l/sec.  7)  is  the  linearity  of  the  graphs 

of  the  efficiency  and  head  disrupted.  We  must  consider  what 
has  been  indicated  in  determining  the  permissible  suction 
height  of  a  pump  (see  Section  25). 

Beginning  at  this  same  point  7,  the  intensity  of  jet 
slot  cavitation  grows  sharply  (see  Sections  27  and  28). 

Section  25.  Cavitation  Coefficients.  Permissible  Height  of  Suc¬ 
tion 

The  cavitation  characteristics  of  a  pump  are  determined  by 
two  main  factors  —  the  pressure  in  the  liquid  entering  it,  and 
the  decrease  of  this  pressure  in  the  blading  of  the  pump  as  a 
consequence  of  a  local  increase  in  velocity.  For  a  certain 
given  pump,  suclcing  in  water  from  an  open  reservoir  with  a 
free  surface,  the  pressure  on  which  is  equal  to  atmospheric 
pressure  pa  7pa  *  Pa  =  Patmosphere-v7*  the  magnitude  of  the  pres¬ 
sure  before  she  rotor  wheel  ps  is  determined,  other  things 
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being  equal,  by  the  distance  to  the  free  surface  of  the  reser¬ 
voir.  This  distance  Hs  is  called  the  geometrical  height  of  suc- 
tlon  of  the  pump . 

For  axial  pumps  with  a  horizontal  arrangement  of  the  shaft, 
in  particular  for  water- jet  pumps,  the  suction  height  is  the 
level  of  the  highest  point  of  the  rotor-viheel  disk  above  the 
sea-water  level .  If  this  point  is  located  below  the  sea-water 
level  /i.e.,  water  line/,  the  height  of  suction  is  negative, 
and  it  is  called  the  negative  height. 

A  more  general  characteristic  of  the  magnitude  of  pressure 
before  the  rotor  wheel  is  the  so-called  vacuumetrlc  suction 
height 

P,  ___  Pa  p, 

y  y  y  * 

This  quantity  may  be  obtained  from  the  conventional  Bernoulli 
equation  for  the  suction  pipeline  of  a  pump.  It  is  especially 
convenient  to  use  it  in  those  cases  when  the  pump  sucks  in  li¬ 
quid  from  a  reservoir  with  a  pressure  that  differs  from  pa. 

The  motion  in  the  suction  channel  is  steady-state,  in 
absolute  motion,  and  in  the  rotor  wheel,  in  relative  motion. 

Y/e  will  take  the  free  surface  as  the  zero  level,  i.e.,  the 
plane  of  reference. 

From  a  point  on  the  fx-ee  surface  to  point  £  before  the 
wheel,  the  Bernoulli  equation  has  the  form 

+  K*  (5. 3) 

where  hs  is  the  sum  of  hydraulic  losses  in  the  section  under 
consideration,  i.e.,  in  the  suction  duct,  including  losses  at 
its  intake . 


The  minimum  pressure  in  the  liquid  at  the  surface  of  the 
blade  of  the  rotor  wheel  is  located  at  a  certain  point  x,  where 
the  relative  velocity  wx  is  the  maximum.  The  magnitude  of  pres¬ 
sure  px  may  be  determined  from  the  Bernoulli  equation  in  rela¬ 
tive  motion 


I 


+  "*.+ 


(5J) 


The  magnitude  of  losses  hs_x  in  the  section  from  point  s 
to  point  x  may  be  ignored. 


From  the  velocity  triangle’  before  the  rotor  Wheel 


wj  =  oj  +  «*— 2hw«|.  (5,5) 
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Then  equation  (5.*0,  with  a  consideration  of  expression 
(5.5) »  when  H5  =  Hsx,  takes  the  form 


The  sum  (Ps/ty)  +  (v^/2g)  is  the  total  specific  energy  re 
serve  before  the  rotor  wneel  at  the  level  Hs. 


The  absence  of  cavitation  is  determined  by  the  condition 
Pmin  >  /V.  from  this  standpoint  it  is  not  the  magnitude  of  the 
total  specific  energy  reserve  that  is  important,  but  the  excess 
of  it  over  the  energy  //,»  =  —  .  which  corresponds  to  the  satu¬ 
rated  steam  pressure  of  the  liquid  at  the  given  temperature. 


P.-Pd  , 

v  +?e' 


(5.7) 


The  quantity  Hsv  Is  called  the  excess  suction  head,  over 
and  above  the  pressure  head  corresponding  to  the  vaporization 
pressure.  Some  authors  call  the  quantity  Hsv  the  cavitation 
reserve  (cavitation  safety  factor). 


Vie  will  remove  the  quantity  Pd/V  from  both  parts  of  equality 
(5.6).  Considering  expression  (5.7),  we  obtain 


UxVt 


riii 


(5,8) 


The  minimum  permissible  magnitude  of  Hsv  will  occur  at  a 
point  on  the  wheel  where  —  u’)m«  an<3  Px"  =  Pd*  and  conse¬ 
quently  ,  .  ‘  . 

_  K~“xL 

2f 


u.v, 


rut 


(5.9) 


Formula  (5.9)  shows  that  the  quantity  HSVjnin  is  numerically 

equal  to  the  maximum  dynamic  pressure  drop  in  the  blading  cf  the 
rotor  wheel,  i.e.,  //,.,==  A/r,  . 

J  n  ’max  , 


If  the  flow  is  not  tvjisted  before  the  rotor  wheel,  the 
last  term  in  the  right-hand  part  of  equation  (5.9)  is  equal  to 
zero,  and  consequently 


K-«J) 

2* 


(5. 10) 


Vie  equalize  the  values  of  ps/p  from  formulas  (5.3)  and  (5.1l); 
then  we  deduct  the  quantity  Pd/V  from  both  parts  of  this  equality, 
and  assume  that  vui  =  0.  Then 


Ht  —  H4—  Ht  —  ht  — 


pM~Pd  ,  «&-«£ 
'V  +  t  ' 


Having  compared  this  expression  with  formula  (5.8),  we  ob- 


H,v  =  Ht- Hd-  H'-h,,  (5.11) 
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tain 


where 


//,  =  -£*  H  Ht 

•  y  4 


Pi 

Y  *  • 


Working  from  the  assumption  that  the  quantity  Hsv  is  some 
fraction  of  the  pressure  head, 

Hu  =  oH,  (5,  12) 


D.  Thoma  (192 *0  proposed  that  the  cavitation  characteristics  of 
hydraulic  machines  be  evaluated  by  the  coefficient 


//,  —  Hi  —  If,  —  hK 
H  * 


(5,  13) 


Later  A.  A.  Lomakin  using  the  basic  equation  of  the 

operation  of  a  pump,  demonstrated  that 


(5, 14) 


Formula  (5.1*0  demonstrates  that  the  magnitude  of  the  coef¬ 
ficient  o'  is  determined  only  by  the  velocity  ratios. 

In  isogonal  operating  regimes  (see  Section  33)  of  such 
machines,  a  kinematic  similarity  of  the  flows  is  maintained. 
Consequently,  for  these  regimes  the  coefficient  O'  vd.ll  be  con¬ 
stant  and  it  may  be  considered  as  a  characteristic  (criterion) 
of  kinematic  similarity  of  the  flows  of  liquid  in  the  machines 
being  compared.  Thus,  If  the  cavitation  coefficients  are  equal, 
(^pumo  =  °*  model)  in  tv;o  geometrically  similar  pumps  at  the  same 
parameters,  these  pumps  operate  in  the  same  cavitation  condi¬ 
tions  . 


The  cavitation  characteristics  of  the  pump  in  the  given 
operating  regime  are  characterized  by  the  critical  magnitude 
of  the  coefficient  a  : 


_  Of*  U*)mu 
H  "  ~  2 gH 


(5. 15) 


/?\cp  ~  °cr  =  °criticalj7 


The  magnitudes  of  the  coefficient  (°rcr)oot  at  optimum  char¬ 
acteristics  of  the  pumps  vary  within  wide  limits.  For  example, 
for  axial  pumps  (oRP)onT  =  0, 2*4.0,  which  is  associated  basically 
with  the  wide  range  of  pressure  heads. 


It  is. not  the  head  of  the  pump  that  is  determining  (from 
the  standpoint  of  cavitation  characteristics),  but  the  condi¬ 
tions  occurring  on  the  suction  side  of  the  wheel.  Considering 


\ 


126 


this,  S.S.  Rudnev  in  1935#  in  his  paper  "Calculation  of  Centrifu 
gal  Pumps  for  Cavitation"  at  the  Second  All-Union  Congress  of 
Hydraulic  Machine-Building  Workers  at  Khar' kov,  proposed  an 
equation  for.  the  maximum  value  of  the  dynamic  rarefaction,  on 
the  basis  of  the  generalization  of  experimental  data: 


4 


Ah,  =  10| 

.  *  *anx  * 

(n^y 
<  c  )  *  _ 

15. 16) 

Having  assumed  that 

Ah.  =  Hs,  .  . 

•max  K  min 

we  may  obtain 

an  expres- 

sion  for  the  coefficient 

c 

C-  - 

5.62;i  Vq 

j  ’ 

(5. 17) 

("»m in\T 

\  JO  ) 

- 

. 

which  was  named  the  specific-speed  cavitation  coefficient  (from 
its  external  similarity  'to^T’ormuTa  (2.24')  for  the  specific  speed 

ns)  • 

YJe  will  replace  the  value  of  HSVm;tn  in  formula  (3.17)  by 
the  quantity  &E.  Having  compared  the  expression  obtained  with 
formula  (2.24),  we  obtain 

Ckp=1,54— V*  •  (5.«8) 

(a.n)  4 

The  specific  speed  ns  is  a  criterion  of  dynamic  similarity, 
and  the  coefficient  cr  (as  was  demonstrated  above)  is  a  criterion 
of  kinematic  similarity  in  cavitation  processes.  Consequently, 
the  coefficient  C  characterizes  the  similarity  of  flows  from  the 
kinematic,  dynamic,  and  cavitation  standpoints. 


For  the  majority  of  pumps,  in  operating  regimes  with  the 
maximum  efficiency,  the  magnitude  of  C  is  practically  constant. 
Its  variations  directly  reflect  the  cavitation  characteristics 
of  the  machine.  Thus,  for  conventional  axial  pumps  CaXial  =  900- 
1000.  For  individual  specially  developed  pumps,  CaXj[gl  =  1300- 
1400.  There  are  special  pumps  in  which  the  cavitation  character¬ 
istics  are  exceptionally  high  (C  =  1500-3000  /27;  287),  although 
it  is  true,  this  causes  a  deterioration  in  power  characteristics 


The  magnitudes  of  the  coefficients  C  for  modern  pumps  are 
given  in  Table  3j  where  the  values  of  the  parameters  are  given 
at  the  optimum  universal  characteristics  of  nine  axial  pumps. 

The  "0"  blading  systems  were  developed  at  the  VIGM  /All-Union 
Scientific-Research  Institute  for  Hydraulic  Machine  Building 
and  are  included  in  GOST  /All-Union  State  Standard/  9366-60. 

The  values  of*?  max  of  the  "0"  blading  systems  are  shown  ^1  per¬ 
cent  higher  in  the  table  than  for  the  pump.  The  "OD"  blading 
systems  were  developed  at  Leningrad  Polytechnical  Institute. 
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TABLE  3 

Parameters  of  Blading  Systems  for  YJater-Jet  Pumps 


■  (T) 

napaueTpu 

(2) 

JlonaciHwe  ciictcmu 

/  ~  \ 

/  a\. 

02 

03 

05 

OG 

07 

OS 

oVim 

(oA-18 

kq 

0,19 

0,45 

0,505 

0,42 

0,10 

0,44 

0,467 

0,80 

0.88 

Xh 

0.195 

0,195 

0,110 

0.0S5 

0,005 

0,230 

0.0S2 

0,060 

0,110 

Mo 

525 

500 

850 

900 

1100 

410 

9S0 

1620 

10S0 

(^Kp)<> 

905 

1030 

1000 

1110 

1190 

10G0 

1200 

810 

1220 

^inix 

88 

88 

87 

86 

84 

89 

- 

87 

.  89 

84 

l) 


Parameters;  2)  Blading  system;  3)  OD-1;  M)  OD-2; 
OD-18. 


In  the  study  of  cavitation  as  a  physical  phenomenon,  in 
investigations  of  cavitation  in  the  flow  around  bodies  /p£/, 
and  in  obtaining  cavitation  characteristics  of  screw  propellers 
/T/,  etc.,  various  cavitation  numbers  or  coefficients  are  intro¬ 
duced,  similar  to  the  expression 

-  -  (5.19) 


x  = 


or 


/C  = 


w  2 
p^—Pd 


(5.20) 


where  p*o  —  Pmin  *E  the  pressure  drop  from  the  pressure  in  the 
outer  flow  p,o  to  a  point  with  the  minimum  pressure  pp^n  on  the 
body  around  v:hich  the  flov;  is  passing,  referred  to  tne  velocity 
head  at  infinity. 

c  2 

In  the  study  of  the  flow  around  lattices  of  sections,  the 
pressure  on  them  is  usually  investigated  as  a  variation  of  di¬ 
mensionless  pressure 


-  Px  —  P 

P  = 


i ’ 


(5.2!) 


where  px  is  the  current  magnitude  of  the  pressure  on  the  section 
p>,and  Woo  are  the  pressure  and  velocity  in  an  undisturbed  flow 
for  a  single  section,  or  the  mean  geometrical  relative  velocity 
in -a  lattice, 

•  / 

It  is  not  difficult  to  observe  that  the  dimensionless  pres¬ 
sure  p  is  equal  to  the  negative  magnitude  of  the  cavitation  coef 
ficient  x  .  The  latter  is  numerically  equal  to  the  coefficient  crt 
if  we  assume  that 


60A.  External  view  oV  Plow  in  the  rotor  wheel 
oT  an  0D-10  pump  in  cavitation  tests.  Photographs 
1—4  correspond  to  points  1-4  on  the  separation  char¬ 
acteristics  in  Pig.  59. 
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Fig.  oOB.  External  view  of  the  flow  in  the  rotor 
wheel  of  an  0D-10  pump  in  cavitation  tests.  Photo 
graphs  5-8  correspond  to  points  5-8  on  the  separa 
tion  characteristics  in  Fig.  59. 


7ig.  60C.  External  view  of  flow  in  the  rotor  vjheel 
of  an  0D-10  pump  in  cavitation  tests.  Photographs 
9-11  correspond  to  points  9-H  on  the  separation 
characteristics  in  Pig.  59. 
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1 


.  —  0  **'  h.  =0. 

Y  * 

Prom  formulas  (5.12)  and  (5.15)  it  follows  that  the  criti¬ 
cal  magnitude  of  the  geometrical  suction  height  is 

tf.KP  =//,-//,-  aKp//  -  A,.  "  (5,  22) 

In  Section  24  it  was  demonstrated  that  during  tests  the 
critical  value  of  the  cavitation  coefficient  is  determined  by 
the  beginning  of  a  change  in  the  dynamic  characteristics  of  the 
v.’heel.  However,  on  the  blades  in  this  time  it  is  already  not 
merely  local  cavitation  phenomenon  (unsteady-state  cavitation) 
that  succeeds  in  developing,  but  also  "steady-state"  cavities, 
of  considerable  magnitude.  Consequently,  if  we  install  the  pump 
with  a  suction  height  equal  to  Hs<,r,  it  will  operate  with  a  con¬ 
siderably  well-developed  cavitation,  and  will  be  subjected  to 
intensive  erosion  damage. 

In  order  to  reduce  the  intensity  of  cavitation  erosion,  we 

assume  that  the  permissible  geometrical  suction  height  H* 

- - - - —  sperm 

ZHs40f?  =  HSpem  »  Hspermissible-/  arnount  to  only  a  certain 
fraction  of  HScr.  The  quantity  HSpprra  is  determined  according 
to  the  formula 

W.Aon  *//.-//,-  <F o„H  -  A„  (5.  23) 

where  is  the  safety  factor;  its  magnitude  depends  upon  the 
range  of  regulation  of  the  pumps. 

For  axial  pumps,  according  to  GOST  6134-58,  the  safety  fac¬ 
tor  may  be  assumed  to  be  equal  to  0.15  Hsv>  i.e.,  =1.15. 

For  water- Jet  pumps,  we  may  assume,  in  approximation, 

H,Aon  ^  10  -  <jaKP//  =  10  -  l,15ffliP//.  (5.  24) 

The  cavitation  characteristics  of  a  pump  or  its  rotor  wheel 
are  determined  by  the  critical  magnitude  of  the  cavitation  coef¬ 
ficient  Cct>,  o'er*  etc.,  at  the  optimum  universal  characteristics. 
If  the  pump  must  operate  In  a  regime  that  differs  from  the  opti¬ 
mum  regime,  the  values  of  the  cavitation  coefficients  obviously 
must  be  assumed  for  the  operating  regime  required.  According  to 
the  values  of  the  coefficients  we  have  found,  and  according  to 
formula  (5.24),  the  permissible  magnitude  of  the  geometrical 
suction  height  is  determined.  The  pump  may  operate  at  any  value 
Hs  <  Hsperm. 

The  values  of  the  coefficients  (0‘cr)puITO  or  (Ccr)purTO  of 
the  pump,  determining  its  cavitation  characteristics,  differ 
from  the  cry  or  Cy  of  the  plant,  determined  according  to  the  ac- 
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tual  magnitude  of  the  geometrical  suction  height.  It  Is  apparent 
that  what  was  said  above  about  the  selection  of  the^ quantity  HSv 
corresponds  to  the  condition  °y  >  <P  or  Cy  <  <p'  (C*,)..  In  y 

this  case,  a  lack  of  cavitation  In  the  pump  Is  provided,  or, 
more  properly,  the  presence  of  cavitationwith  an'  intensity  not 
exceeding  a  certain  permissible  limit. 

V/e  must  emphasize  that  since  the  coefficients  cr  and  C  are 
criteria  of  similarity  of  the  cavitation  processes,  the  equali¬ 
ties  cry  =  <njUmp  or  Cy  =  CDUnp  signify  that  the  cavitation  con¬ 
ditions  of  the‘ model  and  the1  full-scale  pump  are  the  same. 

Problems  of  the  scale  effect  are  not  considered  here, 
since  for  water-jet  axial  pumps  they  do  not  play  any  essential 
part. 

Section  26.  Evaluation  of  the  Expected  Cavitation  Characteristics 
oT  a~ Vjheel 


In  the  designing  of  bladed  hydraulic  machines,  the  oppor¬ 
tunity  to  evaluate  the  expected  magnitudes  of  cavitation  coeffi¬ 
cients  or  to  provide  the  required  cavitation  characteristics 
of  the  machine  in  the  calculation  of  the  elements  of  its  blad¬ 
ing  has  great  significance  (and  frequently  deciding  significance). 
A  great  amount  of  research  has  been  devoted  to  these  problems. 

Many  authors  propose  various  calculation  methods  of  the  prelimi¬ 
nary  estimate  of  expected  cavitation  characteristics  of  pumps 
and  turbines  and  the  corresponding  methodologies  of  their  con¬ 
sideration  (see,  for  example,  V.Ya.  Karelin's  monograph  /3&7). 


In  our  opinion,  in  the  calculation  and  designing  of  axial 
pumps,  it  is  adequate  to  make  use  of  two  methods. 


The  cavitation  characteristics  of  the  machine  may  be  esti¬ 
mated  by  the  magnitude  of  the  coefficient  <xcr  according  to  for¬ 
mula  (5.15) 

o  _W -"*)«« 

K!>  ~  2gH 


In  the  rotor  wheel  of  an  axial  pump,  the  maximum  velocities 
usually  occur  in  the  peripheral  region  of  the  rotor  wheel,  the 
peripheral  velocity  of  which  Is  equal  to  u  (see  Section  lo). 


Then 


(5.25) 


Consequently,  the  calculation  estimate  of  the  cavitation 
characteristics  can  be  reduced’ to  the  determination  of  the  maxi¬ 
mum  relative  velocity  on  a  peripheral  section  of  the  blade 2 


If  the  calculation  of  the  blades  is  performed  in  accord¬ 
ance  with  A.P.  Lesolchin's  method  (see  Section  13),  we  may  ob¬ 
tain  a  velocity  distribution,  and,  this  means,  also  the  pres¬ 
sure  distribution  along  the  section.  Usually  the  results  of 
the  calculation  are  represented  in  the  form  of  curves  of  the 
dimensionless  pressure  p  /see  (5.21)  and  Pig.  58/.  Here  the 
relative  length  of  the  chord  of  the  section  is  plotted  along 
the  abscissa  axis.  The  zero  point  of  the  abscissa  axis  on  the 
graph  is  selected  in  the  middle  of  the  chord,  as  is  assumed  in 
the  hydromechanical  calculation  of  the  section. 

The  quantities  for  a  series  of  water- Jet  pumps  obtained 
by  these  calculations  are  given  in  Table  4. 

The  critical  values  of  the  cavitation  coefficient  were  ob¬ 
tained  as  a  result  of  calculation  in  accordance  Kith  A.F.  Lesolchin's 
method.  For  comparison,  in  the  table  the  minimum  magnitudes  of 
the  pressure  coefficient  p  are  given,  Khich  are  numerically  close 
to  the  values  of  O'er*  and  also  the  magnitudes  of  o*cr  obtained 
in  tests  of  models  of  three  pumps  of  this  series. 

In  Section  13  it  Kas  noted  that  the  calculation  of  the 
blades  according  to  this  method  is  comparatively  labor-consum¬ 
ing.  However,  it  makes  it  possible  to  influence  the  shape  of 
the  section,  and  thus  change  the  drawing  of  the  velocity  dis¬ 
tribution  and  the  pressure  distribution  along  it,  i.e..  It 
gives  us  the  opportunity  of  v;orking  on  the  shape  of  the  sec¬ 
tion,  improving  its  cavitation  characteristics,  up  to  the  maxi¬ 
mum  possible  limit.  The  application  of  this  method  may  be  justi¬ 
fied  only  in  a  case  of  the  necessity  of  such  treatment. 

TABLE  4 

Critical  Values  of  the  Cavitation  Coefficient  °cr 


/IoiiacTHbie 

CHCTeMbl 

(2) 

nt 

paCMCTM. 

3)  - 

Pmln 

pacMetH. 

»KP  I 

paC'ICTH. 

'  awncpiiMciiT. 

OD-2 

1797 

3,80 

3,80 

3,60 

OD-3 

2041 

4,60 

4,87 

—  i 

OD-4 

2498 

4,85 

4,93 

—  ! 

OD-5 

3000 

5.06 

5,12 

— 

OD-6 

2500 

5,70 

5,72 

—  j 

OD-7 

3000 

4,63 

4,98 

4.80 

OD-8 

2500 

3,77 

3.90 

— 

OD-9 

3000 

3,42 

3,62 

— 

0D-10 

1495 

2,57 

•  . 

2,67 

2,70 

l)  Blading  systems;  2)  ns,  calculated;  3)  Pmin* 
calculated;  4)  Calculated;  5)  Experimental. 


134 


In  Section  12  we  recommended  the  calculation  of  thin  pro¬ 
files  of  circles  (peripheries),  as  proposed  hy  I.N.  Voznesen- 
skiy  and  V.P.  Pekin,  as  the  basic  method. 

For  axial  pumps  with  a  solidity  of  the  peripheral  lattice 
of  approximately  not  more  than  1. 0-1.1,  we  may  recommend  a 
simplified  method  of  estimating  the  expected  cavitation  char¬ 
acteristics,  in  which  it  is  sufficient  to  knov:  the  basic  param¬ 
eters  of  the  pump  and  the  principal  geometrical  characteristics 
of  the  section  —  its  curvature  and  maximum  thickness. 

The  cavitation  characteristics,  if  they  are  estimated  ac¬ 
cording  to  the  critical  magnitude  of  the  coefficient  o*CI»,  may 
be  determined  according  to  the  maximum  value  of  the  relative 
velocity  Wmax.  A. A.  Lomakin  /JtQ J  recommended,  as  a  first  approxi¬ 
mation,  that,  the  quantity  wmx  be  estimated  in  a  similar  manner 
to  the  way  this  is  done  for  an  insulated  section,  around  which 
a  flow  is  passing  without  an  angle  of  attack, 

* 

=  mw.  -  (1  -I-  P)  ( 1  +  4  4=-)  (5. 26) 

where  P  is  the  angle  characterizing  the  curvature  of  the  section 
in  radians.  If  the  center  line  of  the  section  is  a  profile  of 
the  periphery,  the  angle  p  is  the  angle  between  the  chord  and 
the  tangent  to  the  profile  at  its  edge;  dr/l  is  the  relative 
magnitude  of  the  maximum  thickness  of  the  section. 

The  correctness  of  the  use  of  formula  (5.26)  in  the  estima¬ 
tion  of  wmax  of  the  section  in  a  lattice  was  checked  by  compari¬ 
son  of  the  results  of  the  calculations  and  tests  of  a  number  of 
pumps.  In  Table  5  such  a  comparison  is  given  for  a  series  of 
four  axial  pumps.  It  is  important  that  even  in  the  presence  of 
small  angles  of  attack  the  calculations  agree  well  with  the  re¬ 
sults  of  the  tests.  Apparently,  formula  (5.26)  may  be  applied 
to  lattices  of  sections  also  in  the  presence  of  an  angle  of 
attack  at  the  peripheral  section  of  approximately  up  to  2°.  An 
increase  in  the  angle  of  attack  in  the  TsN-10  pump  to  2.5°  led 
to  an  increase  in  the  value  of  °cr  by  approximately  5  percent 
in  comparison  to  the  estimate  calculation.  Further  increase  of 
the  angle  of  attack  leads  to  a  quickening  increasing  of  the 
actual  magnitude  in  comparison  to  the  calculated  magnitude. 

In  the  overwhelming  majority  of  cases,  in  water- jet  pumps 
the  peripheral  sections  of  the  blades  of  the  rotor  wheels, 
which  determine  the  cavitation  characteristics,  are  composed 
of  coarse  gratings  of  slightly  curved  sections.  In  this  case, 
in  approximation,  we  may  consider  that 

C^np.  (5.27) 
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TABLE  5 


Comparison  of  Calculated  and  Experimental 
Values  of  &"CP 


(1) 

JlonacTiibie 

CIICTCMbl 

(2) 

oKp  no  (pop* 

(5.25).  (5,26) 

(3) 

oKp  no 

SKcncpHMeiny 

(L)  { 

V  t  /  ncp 

ri0.10)KIITe.lb- 
4  )hni’i  yro-n 
ar.iKit  ncpn<t>c- 
pnilHoro  cese- 

IIHM,  6* 

TsN-6 

0.70 

0,75 

0.75 

0.5 

TsN-7 

0.76 

0,78 

0.70 

1.5 

TsN-8 

0,96 

0.96 

0,618 

2,0 

TsN-10 

1,09 

1,14 

0,563 

2.5 

1)  Blading  systems;  2)  0"cr  according  to  for¬ 
mulas  (5.25),  (5.2b);  3)  crcr  according  to  ex¬ 
periment;  4)  Positive  angle  of  attack  of  peri¬ 
pheral  section,  £°. 


The  magnitude  of  the  head  may  be  expressed  by  the  formula 

sin  (Poo  +  X) 

2g/t»z-cos  X  ’ 


//  = 


(5.28) 


where  tg^»  is  the  inverse  characteristic  of  the  section. 


The  mean  geometrical  relative  velocity  is 

-  .. 


m  = 


-  cosp-  ' 


iKILV 


The  axial  component  of  the  velocity  is 

4Q  _  AnDKo 

» (I  —  rf*>  * 


V*  nO’O-d1) 


(5.29) 


(5.30) 


From  formulas  (5.25),  (5.26),  (5.27),  (5.28),  (5.29),  and 
(5.30),  it  is  apparent  that  the  quantity  crcr  j.s  a  function  of 

oKP  —  f  (/)',  d\  X;  -j-;  n\  /C„‘.  (5,31) 


We  will  demonstrate  that  by  applying  the  methodology  ac¬ 
cepted  in  Section  18,  we  may  obtain  the  approximate  dependence 
of  the  magnitude  of  the  coefficient  crcr  upon  the  two  parameters 
K«  and  l/t,  and  the  presence  of  the  connection  between  them 
(Fig.  k\)  makes  it  possible  to  obtain  the  approximate  formula 
of  the  dependence  of  crcr  upon  only  one  parameter,  %. 

Above  /see  (^.65_)7  following  dependence  was  obtained; 
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tg  B.  - - 1*2 _ 

""-‘'’’(“-snF"'')' 

The  angle  Pec  depends  basically  upon  Kq,  but,  however,  this 
dependence  is  complicated  somewhat  by  the  presence  of  the  pres¬ 
sure-head  coefficient  %  in  the  formula.  Besides  this,  the  angle 
Pea  would  always  be  approximately  one  and  the  same  if  the  quan¬ 
tity  Kq  was  an  invariable.  But  it  varies  within  limits  of  from 
0.4  to  0.6,  and  in  special  wheels  of  water-jet  pumps  even  reaches 
as  high  as  ~0.9.  Prom  the  analysis  given  in  Section  19,  it 
follows  that,  in  approximation,  we  may  assume  that 

(P.)«p  ^  20°  in  *hc  ranjeK"  =  0,22-:-0,l5; 

(P«)Cp  =  23°  -  ••  "  Kh  -  0,090 -r  0,080; 

(P.)cp  =  26°  ”  ••  •'  —  0,055-7-0,045. 


After  the  substitution  of  formulas  (5.26),  (5.27),  (5.28), 
(5.29) ,  and  (5.30)  into  expression  (5.25),  with  a  consideration 
of  the  selected  values  of  angles/?^  ,  we  may  obtain  the  dependence 

aKp  —  /  (* 7*  ’•  • 

In  this  case,  for  each  of  the  ranges  indicated,  we  obtain 
its  values  of  the  constants. 


We  will  give  the  final  formula  for  * h  ~  0,090—0,080 


„  0,0555  ,  0,7351  ,  0,24) 9 -/fH 

Kp  Kh  +  ' 

*  V  t ) 


(5,32) 


For  all  three  ranges  according  to  formulas  analogous  to  ex¬ 
pression  (5.32),  the  dependence  crcr(%)  was  calculated  with  a 
consideration  of  the  connection  of  l/t(Kn)  according  to  the 
graph  in  Fig.  4l.  The  particular  solutions  obtained  were  com¬ 
bined  in  one  curve  (Fig.  6l). 


In  the  drawing,  the  values  of  Ccr  at  the  optimum  character¬ 
istics  of  all  the  pumps  investigated  by  us  are  shown  by  dots. 
They  group  adequately  well  around  the  calculated  curve.  However, 
there  are  cases  of  quite  a  considerable  drop  of  the  points, 
when  the  cavitation  characteristics  of  the  pumps  are  noticeably 
better  than  those  forecast  by  the  curve.  This  refers  to  those 
pumps  in  which  the  solidity  of  the  lattices  of  sections  was 
assumed  to  be  greater  than  optimum  which  led  to  a  certain  de¬ 
crease  in  their  efficiency,  although  it  did  improve  the  cavita¬ 
tion  characteristics. 

V7e  must  emphasize  that  the  graph  In  Fig.  6l,  in  the  first 
place,  is  valid  only  in  a  case  when  the  solidities  of  the  lat- 
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Pig.  6l.  Estimate  of  the  expected  cavi- 
.tation  characteristics  of  axial  pumps. 

tices  of  blades  of  the  wheel  v;ere  selected  with  a  consideration 
of  the  optimum  dependence  (Pig.  4l).  In  the  second  place,  in  the 
compilation  of  calculation  formulas,  a  number  of  assumptions 
were  made.  Consequently,  the  dependence  obtained  may  be  con¬ 
sidered  only  as  an  estimate.  It  is  apparent  that  by  special 
measures  in  designing  and  calculation  we  may  achieve  better 
cavitation  characteristics  than  those  obtained  according  to 
the  curve,  but  this  may  lead  to  a  decrease  in  power  character¬ 
istics  and  a  shift  of  the  maximum  efficiency  toward  lesser 
flow  rates  (than  the  calculated  flow  rate).  In  any  case,  the 
final  judgement  of  the  cavitation  characteristics  of  the  pump 
may  be  made  only  according  to  the  results  of  appropriate  tests 
of  models  or  full-scale  pumps. 

Section  27.  Slot  Cavitation 

In  an  axial  pump,  the  rotor  wheel  revolves  inside  the  cham¬ 
ber.  A  radial  clearance  is  necessary  between  the  blades  and  the 
chamber.  According  to  production  requirements,  for  ordinary 
axial  pumps  the  optimum  radial  magnitude  of  this  clearance  Is 
usually  considered  to  be  &  &  0.001D,  where  D  is  the  diameter 
of  the  rotor  wheel.  In  water- jet  pumps  the  guide  bearing  is 
usually  made  with  a  rubber  bearing  (with  water  lubrication), 
which,  for  production  requirements,  leads  to  an  increase  of 
the  radial  clearance  2  to  a  minimum  of  ^  (0.002-0. 003)D. 

The  presence  of  a  radial  clearance  at  the  peripheral  edge 
of  the  blade  is  the  cause  of  the  formation  of  a  complex  set  of 
so-called  end  phenomena,  which  have  an  essential  effect  on  the 
power  characteristics  of  the  v/heel,  and  frequently  also  on  its 
cavitation  characteristics.  Only  problems  associated  with  the 
special  cavitation  phenomena  combined  in  the  term  slot  cavlta- 
tion  will  be  considered  below. 
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Many  Soviet  and  foreign  authors  have  been  occupied  in  re¬ 
search  in  slot  cavitation  in  hydraulic  machines.  Among  them  we 
may  mention  one  of  the  latest  works  /I0o7  published  at  the 
symposium  on  cavitation  in  hydraulic  machines  at  the  city  of 
Sendai  (Japan)  in  1962.  Among  Soviet  researchers,  K.K.  Shal'nev, 
who  has  published  about  35  works  on  this  problem  /T>0;  85;  87/, 
has  been  most  occupied  in  the  study  of  slot  cavitation. 

We  will  digress  from  the 
mutual  motion  of  the  blade  and 
chamber  and  present  a  picture  of 
the  flow  in  a  slot,  in  relative 
motion  (Fig.  62).  The  peripheral 
edge  of  the  blades,  as  usually 
occurs  in  a  propeller  wheel,  is 
machined  around  the  cylinder.  In 
the  drawing  the  pressure  side  is 
to  the  left  of  the  blade,  and  the 
in  a  slot  clearance,  l)  Radial  vacuum  side  to  the  right.  Under 
section  of  blade;  2)  Surface  the  effect  of  the  pressure  dif- 
of  rotor-wheel  chamber.  ference,  the  liquid  flows  into  the 

clearance,  the  width  of  which  is 
equal  to  b,  and  the  length  dm  is  equal  to  the  thickness  of  the 
blade.  In  the  center  section  of  the  blade  the  thickness  is  5-10 
times  more  than  the  width  of  the  clearance. 

In  the  flow  formed,  we  may  distinguish  four  characteristic 
regions.  The  presence  of  a  sharp  (rectangular)  edge  at  the  input 
causes  a  separation  of  the  flow  from  the  surface  of  the  blade. 

A  compressed  section  with  increased  velocities  is  formed.  Then 
follows  a  diffusion  section,  where  the  flow  expands  to  the  full 
width  of  the  slot.  In  the  compressed  section,  a  stagnent  region 
is  formed,  filled  by  vortices.  At  the  outlet  from  the  slot,  a 
plane  turbulent  jet  is  formed,  extending  along  the  surface  of 
the  chamber. 

We  will  divide  the  phenomena  under  consideration  into  two 
groups:  phenomena  occurring  in  the  clearance  Itself  —  in  the 
length  dm  —  and  phenomena  in  the  jet  beyond  the  limits  of  the 
slot.  The  cavitation  phenomena  originating  in  the  first  section 
will  be  called  slot  cavitation,  and  those  in  the  second  section 
jet  cavitation. 

The  first  group  of  phenomena  has  been  investigated  with 
adequate  completeness  by  K.K.  Shal'nev,  who  distinguishes  two 
main  causes  of  the  origin  of  cavitation  here: 

—  the  presence  of  a  compressed  section,  with  Increased  velo¬ 
cities,  and,  consequently,  reduced  pressures; 


Fig.  62.  Diagram  of  the  flow 
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—  the  presence  of  irregularities  on  the  surfaces  of  the 
blade  and  chamber  in  the  clearance,  as  a  consequence  of  rough 
finishing. 

He  calls  the  first  of  these  simply  slot  cavitation,  and 
the  second  roughness  cavitation.  For  reduction  or  complete 
elimination  of  slot  cavitation,  the  author  gives  two  practical 
recommendations: 

—  curve  the  edge  between  the  pressure  surface  and  the  end 
surface  of  the  blade  with  a  radius  equal  to  approximately  two 
magnitudes  of  the  radial  clearance  b; 

—  increase  production  requirements  for  the  finish  of  the 
surfaces  of  the  chamber  sharply  and,  especially,  the  ends  of 
the  blades;  the  latter  should  be  as  highly  polished  as  possible. 
Both  recommendations  have  justified  themselves  well  in  practice. 

Section  28.  Estimate  of  the  Intensity  of  Jet  Cavitation,  and  Ways 
~E"o  PJeSuceTf 

The  slot  flow  is  the  cause  of  the  formation  of  a  plane  jet, 
extending  along  the  surface  of  the  chamber.  The  pressure  in  the 
flooded  jet,  i.e.,  in  the  jet  flowing  in  the  space  flooded  by 
the  same  liquid,  is  equal  to  the  pressure  in  the  liquid  jet 
surrounding  it.  Consequently,  the  presence  of  increased  velo¬ 
cities  in  the  jet  by  itself  cannot  be  the  cause  of  the  origin 
of  cavitation. 

In  the  presence  of  vortices  in  the  Jet,  the  pressure  in  its 
central  region  decreases  and  becomes  less  than  the  pressure  in 
the  space  surrounding  the  vortex.  This  means  that  the  central 
region  of  an  isolated  vortex,  a  vortex  filament,  can  be  the 
source  of  the  origin  of  cavitation  in  a  Jet. 

The  jet  flows  from  the  radial  clearance  into  a  practically 
unlimited  space.  In  this  case,  a  turbulent  capture  of  particles 
of  the  liquid  of  the  surrounding  flow  by  the  jet  occurs;  this 
causes  a  change  in  the  transverse  velocity  profile  in  the  jet, 
its  expansion,  and  an  increase  in  the  flow  rate,  and  the  flow 
may  or  may  not  be  a  vortex  flow.  However,  as  a  consequence  of 
the  continuous  removal  of  the  eddy  particles  of  the  boundary 
layer  from  the  surface  of  the  blade  by  the  jet,  the  slot  jet  is 
always  filled  with  vortices. 

If  a  free  vortex  filament  originates  in  the  Jet,  for  its 
stability  it  is  necessary  that  the  axis  of  the  vortex  be  ar¬ 
ranged  only  along  a  flow  line. 


For  calculation  of  the  conditions  of  the  formation  and  exis- 


tence  of  cavitation  bubbles  in  a  slot  Jet,  we  assume  that  it  is 
filled  with  free  vortices.  The  central  part  of  a  vortex  rotates 
like  a  solid  (Pig.  63).  The  pressure  in  it  is  determined  by  the 
velocity  of  the  liquid  on  the  surface  of  this  vorvex  region,  i.e., 
Vumax*  ^he  maSnitude  of  which,  in  turn,  is  determined  by  the 
velocity  in  the  external  flow,  lie  assume  that  vUm;iX  cannot  be 
greater  than  the  maximum  velocity  of  the  jet  at  the  point  under 
consideration. 


Fig.  63.  Diagram  of  the  velo¬ 
city  distribution  along  the 
radius  of  a  vortex  filament 
in  the  condition  that  its  cen¬ 
tral  part  is  rotating  like  a 
solid . 


The  maximum  velocity  in  a 
Jet  extending  along  a  surface 
does  not  differ  from  such  a  velo¬ 
city  for  a  free  jet. 

In  the  future  we  will  operate 
in  accordance  with  the  basic  quan¬ 
titative  relationship  of  a  free 
turbulent  jet  /T 7. 

lie  will  stipulate  that  the 
criterion  of  intensity  of  jet 
Cavitation  is  to  be  considered 
the  length  of  the  jet  along  the 
flow  line,  in  which  conditions  for 
the  existence  of  cavitation  cavi¬ 
ties  are  present. 


The  velocity  drop  along  the  jet  causes  a  decrease  in  vu  „  and 

IR8  X 

a  corresponding  increase  in  the  pressure  in  the  central  region  of 
the  vortex.  Consequently,  the  cavitation  bubble  formed  at  the 
beginning  of  the  jet  collapses  at  a  certain  distance . 

We  will  assume  that  the  vu  of  the  vortex  is  equal  to 
the  maximum  axial  velocity  in  the  Jet.  Then  an  initial  condi¬ 
tion  for  the  solution  of  the  problem  stated  will  be  the  deter¬ 
mination  of  the  velocity  in  the  initial  section  of  the  Jet. 

The  Jet  flows  from  a  radial  clearance  at  the  periphery  of 
the  blade.  In  relative  motion,  the  flow  in  the  Jet  is  steady-state, 
but  the  Jet  itself  rotates,  together  with  the  blade,  at  the  same 
angular  velocity. 


In  absolute  motion,  the  Jet  moves  continuously  tangentially 
along  the  surface  of  the  chamber  —  approximately  perpendicular 
to  its  axis.  However,  this  motion.  In  the  first  approximation, 
has  no  effect  on  the  Intensity  of  the  vortex  filament,  and  conse¬ 
quently  none  on  the  conditions  of  the  existence  of  cavitation 
bubbles,  so  that,  therefore,  in  the  determination  of  the  velo¬ 
cities  in  the  Jet  vie  need  not  consider  it. 


141 


In  the  radial  clearance  we  may  define  two  phenomena  which, 
respectively,  ca\ise  the  formation  of  the  two  components  of  the 
relative  velocity  of  the  liquid.  The  first  component  is  the  flow 
through  the  clearance,  under  the  influence  of  the  pressure  dif¬ 
ference,  along  both  sides  of  the  blade. The  second  is  a  conse¬ 
quence  of  the  reality  (viscosity)  of  the  liquid.  The  surface  of 
the  rotor-wheel  chamber  moves  in  relative  motion  past  the  end 
of  the  blade,  carrying  with  it  the  liquid,  the  velocity  of 
which  relative  to  the  blade  is  also  the  second  component. 

The  first  component 

p  =  I-1  ,  (5,33) 

~  wslot_i7  where  jj  is  the  flow-rate  coefficient  of  the  given 
slot;  and  p  is  the  pressure  difference  along  both  sides  of  the 
end  slot. 


In  calculations,  the  magnitude  of  the  coefficient^  may 
be  assumed  in  accordance  with  K.K.  Shal'nev's  data  /Bj_ /  (u  = 
=  0.836-0.820  with  a  rectangular  leading  edge  of  the  slot  and 
0.975-0.884  if  the  peripheral  edge  is  curved,  or,  on  the  aver 
age,  in  the  first  case  0.83  and  in  the  second  case  0.93). 


The  quantity  Zip  in  a  general  case  is  variable  along  the 
section  of  the  blade,  i.e.,  also  along  the  slot.  For  simplifica¬ 
tion  we  will  assume  that  the  value  of  Ap  is  constant  along  the 
slot  and  the  ratio  Ap/V  may  be  determined  according  to  the  sum¬ 
mary  characteristics  of  the  pump  as  a  whole  —  according  to  its 
head 

.  u  Pi  —  Pi  ,  A  a  — 0? 

n  --  -  b 


2 8 


2g 


(5,34) 


where  pi;  V]_j  P2i  v 2  are  the  pressures  and  absolute  velocities, 
respectively,  before  the  wheel  and  after  it. 

If  the  flow  before  the  wheel  is  not  twisted,  the  absolute 
velocity  v^  is  equal  to  the  axial  component  v2.  From  the  velocity 
triangle  beyond  the  wheel 

f 2  =  +  vlt.  -  . 


Then,  considering  that 

— p?  =  »*  +  oit~v\  «»;*,  . 

from  expression  (5.3*0  we  obtain 

•  -y— (5.35) 
The  basic  equation  of  the  operation  of  the  pump,  when 
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vul  =  0,  has  the  form 


tf  =  tft-nr=  nr-~.  (5,36) 

Prom  expressions  (5.35)  and  (5.36) 

t>u;U  ^2  /  Ou,  \  . 

g  2g  ~  g  ^  ’If ^ u  2~  y  *  (®.  37) 

'-T“H(1-3gf)'  <5’38> 

VJe  will  assume  the  average  magnitude  of'  the  hydraulic  ef¬ 
ficiency  of  the  peripheral  section  is  equal  to  0.845.  Then  for¬ 
mula  (5.38)  takes  the  form 

=  H  (l  —  7//«'*).  (5,39) 

We  will  substitute  the  expression  obtained  into  formula 
(5.33)  _______ 

fc\u,p  =  vV*gH{\  -7Hu-*).  (5,40) 

For  a  turbine,  H  =  H^Ahyd*  Then  formulas  (5*38)  and  (5.40) 
when  ^hyd  =  0.9*  take  the  form 


K'u»./>=tl  7^2^/y  (i  —  4//u-=>. 

(5.  42) 


Usually  in  the  study  of  the  rotary  relative  motion  in  the 
clearances,  the  angular  velocity  of  the  liquid  wiig  Z0*  =  6>liq  = 

=  Wliquid(or  fluid)_i7  is  assumed  to  be  equal  to  half  the  rela¬ 
tive  velocity  of  the  surfaces^sur  /pnc8  =  °sur  “  0 surface^/.  In 
this  case  we  assume  that  in  the  clearance  the  velocities  change 
as  shovm  in  Fig.  64,  a..  This  is  valid  upon  condition  that  the 
width  of  the  clearance  b  is  greater  than  double  the  thickness 
of  the  boundary  layer. 

In  the  case  under  consideration,  the  magnitude  of  the  radial 
clearance  is  less  than  the  thickness  of  the  boundary  layer  in 
the  rotor-wheel  chamber,  and  therefore  we  may  assume  that  the 
velocity  distribution  in  the  clearance  is  close  to  linear. 

If  both  surfaces  were  of  the  same  extent  along  the  direc¬ 
tion  of  the  velocity  u,  the  picture  of  the  variation  of  the  velo¬ 
city  would  correspond  to  Pig.  64,  b.  Having  assumed  the  length 
of  the  surface  of  the  end  of  the  bTade  1,  in  comparison  to  the 
surface  of  the  chamber  2,  is  practically  equal  to  zero,  we  may 
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Pig.  64.  Velocity  distribu¬ 
tion  in  a  slot  clearance:  a) 
When  b  2 S;  b)  and  c)  When 
be$5  . 


assume  that  the  velocity  distribu¬ 
tion  would  have  the  form  shown  in 
Fig.  64,  c. 

The  second  velocity  component 
of  the  liquid,  relative  to  the  end 
of  the  blade  in  the  clearance,  is 

~  uMn- 

fojlon  ~  ubladeJ^* 

The  total  relative  velocity 
is  equal  to  the  geometrical  sum 
of  the  components 

4  4  4 

WUI,  n  ~  P  +  ®ui,  u- 

/yu\,H  =  v,slot.pump_J7 •  The  corre¬ 
sponding  relative  velocity  tri¬ 
angle  is  shovm  in  Pig.  65.  Accord¬ 
ing  to  the  drawing 

h  “  p  “f*  pSin  cf  (5,  43) 

where  wsxot .p(pressure)  deter¬ 
mined  according  to  formula  (5.^0). 

For  a  turbine 

It?  =  U?  -f-  — 

m.  t  m,  p  « 

“  p  sin  a»  (5*  44> 


where  wsiot.p  determined  according  to  formula  (5.42). 


The  pressure  in  the  central 
region  of  the  vortex  (if  the  dia¬ 
gram  of  the  velocity  distribution 
shovm  in  Pig.  63  is  assumed)  may 
be  calculated  according  to  the  for¬ 
mula 

P»  Anep  “m»*  ,C  /ky 

T  v - W  .  (5,45) 


Pig.  65.  Relative  velocity  tri¬ 
angle  in  the  initial  section  .p„tp 
of  a  Jet.  “7“ 


We  will  assume  that 


(5. 46) 
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Zpbc  ~  Pvs  ~  Psuction  (side)^7 • 

Then  the  condition  of  the  formation  or  existence  of  a  cavita*. 
tion  cavity  in  the  central  region  of  the  vortex  may  be  written 
in  the  form 

.  (5.47) 

The  maximum  magnitude  of  the  axial  velocity  varies  along  the 
turbulent  flooded  jet  /YJ  in  accordance  with  the  formula 

.  (5.  48) 


where  a  is  a  coefficient  which  may  be  assumed  to  be  equal  to  0.1; 
x  is  tfre  distance  from  the  pole  of  the  jet;  and  bo  is  half  the 
width  of  the  slot  from  which  the  Jet  is  flowing.  In  the  given 
case  (see  Pig.  66)  bo  is  the  total  width  of  the  radial  clear¬ 
ance  . 


Pig.  66.  Diagram  of  the  flow  in  a  slot 
jet.  1)  Pole  of  jet;  2)  Initial  section; 

3)  Transitional  section;  4)  Basic  sec¬ 
tion. 

Strictly  speaking,  here  the  jet  does  not  flow  Into  a  station¬ 
ary  liquid,  and  therefore,  in  the  determination  of  the  change  of 
maximum  velocities  along  the  jet,  it  would  be  necessary  to  con¬ 
sider  the  quantitative  relationships  for  a  Jet  in  an  accompanying 
flow,  not  for  a  flooded  jet.  In  this  case  the  connection  vimaX(wslot) 
becomes  essentially  more  complicated.  The  determination  of  the 
velocity  of  an  accompanying  flow  is  extraordinarily  difficult, 
since  it  is  different  for  different  pumps  The  latter  fact  prac¬ 
tically  excludes  obtaining  a  common  solution  for  all  machines. 

At  the  same  time,  having  accepted  the  quantitative  relationships 
for  a  flooded  Jet,  we  may,  in  approximation,  obtain  a  common 
solution.  An  experimental  check  showed  the  permissibility  of  such 
a  simplification,  i.e.,  the  insignificance  of  the  effect  of  the 
accompanying  flow. 
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(5,49) 


Expression  (5.48)  may  be  rewritten  in  the  form 

1.2 


We  will  assume  the  limiting  case  of  condition  (5.47).  Hav¬ 
ing  substituted  it  into  equation  (5.49),  we  obtain  the  value  of 
the  critical  length  xcr,  in  which  cavitation  will  occur  in  the 
central  region  of  the  vortex,  and,  consequently,  also  in  the 
slot.  After  simple  transformations  and  the  combination  of  the 
constants,  we  obtain 


x 


KP 


0,736 


m  o 

Pec  —  Pd  * 


(5,50) 


y 


Vie  will  consider  the  depth  of  the  pole  hQ  (Fig.  66).  Then 

S  =  x-  h0;  h0  =  =  4-1  V  (5.51) 

Finally,  after  the  substitution  and  transformations 


(5.52) 


Here  pvs  is  the  pressure  in  the  flow  before  the  rotor  wheel  (for 
the  pump);  p<j  is  the  saturation  pressure. 

The  quantity  /Sfc  Sqj,  =  ^critical— la  the  critical 
length  along  the  flow  line.  It  is  more  convenient  to  character¬ 
ize  the  intensity  by  the  critical  length  in  a  direction  perpen¬ 
dicular  to  the  surface  of  the  blade.  From  the  velocity  triangle 
(Fig.  65)  it  is  apparent  that  the  projection  being  sought  may  be 
written  as 


'  0.736^ 
Pvc  —  Pd 
Y 


4,1 


1%  P  +  u*sina 


(5,53) 


The  analogous  formula  for  a  turbine  is 


(5.54) 


“  Scr.t  “  Scrj_ticai  .turbineJ^ 

From  a  comparison  of  this  expression  with  formula  (5.53) 
it  is  apparent  that  in  a  pump  the  value  of  SCr.pump  "  Scr,pUmp 

«  ^critical  pump^7  15  always  positive,  and  in  a  turbine  SCr.t 
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may  be  either  positive  or  negative,  depending  upon  the  sign  of 
the  difference  w5iqt.p  —  u^jq  sin<X.  With  a  negative  value  of 
Scr.t*  the  jet  is  directed  toward  the  pressure  side.  In  this 
case,  instead  of  the  quantity  pvs  we  should  substitute  ppump* 
which  is  the  pressure  on  the  head  side  of  the  blade.  In  turbines 
which  operate  at  a  very  high  speed  (high  values  of  nj  and  n) 
cases  are  observed  where  jet  slot  cavitation  has  been  directed 
toward  the  head  side  of  the  blade.  Besides  this,  Scr#t  is  al-. 
ways  less  than  Scr#pump,  since,  other  things  being  equal, 
wslot.t  wslot  .pump* 

It  is  apparent  that  the  analysis  given  above  has  an  approxi' 
mate  estimate  nature,  since  v/e  have  digressed  from  the  actual 
distribution  of  velocities  along  the  section.  But  it  Is  pre¬ 
cisely  this  digression  v:hich  has  made  it  possible  for  us  to  ob¬ 
tain  the  dependence  of  the  magnitude  of  the  parameters  Scr  upon 
only  the  summary  characteristics  of  the  operation  of  the  wheel: 
the  head  H  and  the  peripheral  velocity  u. 

The  magnitude  of  the  maximum  velocity  in  a  jet  depends  upon 
the  pressure  difference  and  the  peripheral  velocity.  For  a  pump 
with  the  given  parameters  (head,  flow  rate)  and  diameter  of  the 
rotor  wheel,  the  peripheral  velocity  depends  upon  the  number  of 
revolutions  accepted  in  the  calculations.  Usually  the  reaction 
coefficient  characterizes  the  pressure  increment  In  the  pump  — 
This  is  the  ratio  of  the  specific  pressure  energy  to  the  head 

a £  ••  ' 

,  8 =  ~jj~  •  *  (5, 55) 


With  the  assumptions  made  previously  by  us,  the  magnitude 
of  the  averaged  pressure  difference  along  both  sides  of  the 
blade  is  determined  by  formula  (5*38).  From  the  basic  equation 
of  the  operation  of  the  pump 


gff 


IrOut, 


(5.56) 


Then  from  formula  (5.55)>  with  a  consideration  of  expres¬ 
sions  (5.38)  and  (5.58),  we  may  obtain  the  magnitude  of  the  re¬ 
action  coefficient  in  the  form 


e  =  i- 


vui 
2 gH 


(5.57) 


This  expression  gives  us  the  opportunity  to  investigate 
the  effect  of  the  variation  of  the  calculated  speed  of  rotation 
of  the  wheel  n,  other  things  being  equal,  on  the  quantity 
and  the  values  of  Wgiot  and  which  depends  upon  it.  In  Fig. 

67  a  graph  is  shown  constructed  according  to  results  of  such 
an  analysis  for  one  of  these  axial  pumps.  The  analysis  was 
made  upon  condition  that  the  parameters  of  the  pump,  H,  Q,  and 


Fig.  67.  Dependence  of  the 
parameters  of  a  slot  jet  upon 
the  speed  of  rotation  of  the 
wheel,  other  things  being 
equal,  l)  Wslot .pump*  m/sec; 
S,  mm;  2)  n,  rpm. 


magnitude  was  equal  to  ^  30  — 


D,  were  invariables .  Only  the  mag¬ 
nitude  of  the  calculated  speed 
of  rotation  varied. 

From  the  graph  it  is  apparent 
that  an  increase  in  n  brings  with 
it  a  growth  in  the  reactivity  of 
the  wheel,  and  consequently  also 
of  the  quantities  ws^0t  and  Scr». 

An  increase  to  twice  the  former 
value  of  n  (from  300  to  600  rpm) 
led  to  a  growth  of  the  width  of 
the  zone  of  Jet  cavitation  from 
10  to  30  mm,  i.e.,  by  a  factor  of 
three . 

In  Fig.  68,  an  external  vievi 
of  a  zone  of  slot  cavitation  is 
given  for  a  model  axial  pump  with 
excessively  well-developed  slot 
cavitation.  The  critical  length  Sq 
according  to  the  formulas  obtained 
gave  a  value  of  ^  31  mm;  the  real 
35  mm. 


Section  29.  Possible  Consequences  of  Jet  Slot  Cavitation 

Jet  cavitation  —  a  source  of  noise.  Cavitation  is  one  of 
the  principal  noise  s ou r ces  Tn^ycTFaTTlT c  machines.  The  collapse 
of  cavitation  bubbles  is  accompanied  by  intensive  noise  forma¬ 
tion,  the  spectrum  of  which  includes  a  wide  range  of  frequencies 
—  from  low  sonic  frequencies  to  high  supersonic  frequences. 

In  shipboard  conditions,  a  decrease  of  the  noise  factor  of 
mechanisms  is  of  especially  great  importance.  As  a  consequence 
of  the  abundance  of  metallic  structures,  aboard  ships  sound  is 
easily  propagated  and  causes  a  deterioration  in  habitability  con 
ditions .On  the  other  hand,  sound  is  propagated  in  the  water  be¬ 
yond  the  limits  of  the  hull,  which  discloses  the  motion  of  the 
ship.  The  latter  is  of  great  significance  for  warships. 

Unfortunately,  the  acoustic  side  of  cavitation  phenomena  in 
machines,  and  especially  the  hydroacoustic  side,  has  been  very 
inadequately  studied,  although,  apparently,  the  statement  of 
such  research  does  not  present  any  Insurmountable  difficulties 
in  principle. 


In  the  designing  of  axial -pumps,  the  necessary  measures  are 
always  attempted  to  eliminate  suction  cavitation,  or  to  reduce 
it  to  a  permissible  minimum.  However,  Jet  slot  cavitation  can 
be  significant  in  this  case.  And  it  is  also  a  source  of  noise, 
as  is  section  cavitation. 
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The  following  example  is  indicative.  A  full-scale  ship¬ 
board  axial  pump  (D  =  900  mm;  n  =  600  rpm;  drive,  steam  turbine 
with  reduction  gear)  in  static  tests  created  a  general  noise 
level  of  96-97  db.  The  intensity  of  the  Jet  slot  cavitation  of 
this  pump  was  investigated  in  a  model,  the  wheel  diameter  of 
which  vias  equal  to  350  mm.  In  Fig.  58  a  photograph  of  the  cavi¬ 
tation  zone  in  the  jet  of  precisely  this  wheel  is  shown. 

From  the  graph  in  Fig.  67,  constructed  for  this  pump,  it 
follows  that  the  intensity  of  Jet  cavitation  is  decreased  when 
the  calculated  speed  of  rotation  of  the  wheel  is  reduced.  A 
variation  of  the  pump  with  a  speed  of  rotation  of  500  rpm  has 
been  developed.  Calculations  according  to  formula  ( 5 • 53 )  gave 
a  decrease  in  the  length  of  Scr  (for  the  model)  from  31  to  23  mm. 
In  Fig.  69  the  zone  of  jet  cavitation  of  this  pump  is  shown,  in 
the  model,  photographed  in  the  same  conditions  as  in  Fig.  68. 

The  actual  length  of  Scr  w  22-23  mm. 

YJe  will  note  that  in  Fig.  69  the  vortex  nature  of  the  jet 
is  clearly  apparent.  The  cavitation  bubbles  formed  in  the  cen¬ 
tral  regions  of  the  vortex  filaments  are  arranged  in  chains  along 
the  flow  lines  in  the  jet.  The  angle  of  inclination  of  the  flow 
lines  with  relationship  to  the  blade  agrees  well  with  the  cal¬ 
culation  according  to  the  scheme  accepted  by  us. 

Static  tests  of  the  second  variation  of  the  full-scale  pump 
showed  that  the  general  level  of  airborne  noise  decreased  to 
94  db,  which  corresponds  /j&J  to  a  decrease  in  the  sound  pres¬ 
sure  by  approximately  a  faccor  of  1. 6-2.0, 

This  testifies  to  the  fact  that  jet  cavitation  may  serve 
as  a  powerful  source  of  noise,  which  it  is  necessary  to  consider 
in  the  designing  of  pumps. 

Erosion  damages.  As  we  have  already  noted,  two  types  of 
slot  cavTfatTon  are  distinguished:  slot  cavitation  itself,  and 
jet  cavitation.  Slot  cavitation  is  caused  by  the  high  velocities 
of  the  liquid  in  the  compressed  section  of  a  slot  flow,  and  also 
by  the  cavitation  of  "roughnesses"  /B6,  877.  As  a  result,  cavi¬ 
tation  bubbles  are  formed  in  the  clearance,  the  collapse  of 
which  leads  to  erosion  damages  on  the  end  surface  of  the  blades 
and  annular  belt  of  the  rotor-v?heel  chamber,  within  which 
the  periphery  of  the  blades  is  rotating.  Cases  are  known  when 
slot  cavitation  has  led  to  total  destruction  of  cast-iron  cham¬ 
bers  (i.e.,  holes  have  been  pierced  through  the  chambers)  /347» 

Jet  cavitation  cannot  serve  as  the  cause  for  cavitation 
erosion  of  the  chamber  along  the  surface  of  which  the  slot  Jet 
is  propagated.  Cavitation  bubbles  develop  at  the  centers  of 
the  vortex  filaments.  The  diameter  of  the  central  vortex  re¬ 
gion  in  this  case  has  finite  dimensions,  commensurable  or  ex¬ 
ceeding  the  width  of  the  end  clearance.  Conroauently,  the  col¬ 
lapse  of  Jet-cr.vitation  bubbles  occurs  at  a  certain  distance 
from  the  surface,  approximately  equal  to  half  the  thickness  of 
the  Jet. 
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Moreover,  the  slot  Jet,  especially  If  it  cavitates,  can 
serve  as  a  protection  for  the  surface  of  the  chamber  against 
section  cavitation.  The  presence  of  a  cavitating  zone  In  the 
Jet  is,  as  it  were,  a  damping  layer  between  the  surface  of  the 
chamber  and  the  cavitating  blade.  Special  observations  In  hy¬ 
draulic  turbines  /5o/  confirm  the  protective  properties  of  the 
slot  Jets, 

The  effect  of  the  slot  Jet  on  the  re¬ 
liability  of  the  rotor"  wheel .  ~A  slot  jeft 
reacts  with"  the~~boundary  layer  on  the  suc¬ 
tion  side  of  the  blade,  which  leads  to  its 
being  rolled  into  a  vortex  roller  (Fig.  70). 
The  radial  flow  in  the  boundary  layer,  oc¬ 
curring  under  the  Influence  of  centrifugal 
forces,  also  facilitates  this.  The  axis  of 
such  a  roller  is  parallel  to  the  surface 
ofothe  blade,  and  in  the  first  approxima¬ 
tion  is  perpendicular  to  the  Jet.  The  in¬ 
tensity  of  the  vortex  roller  is  a  direct 
function  of  the  velocity  in  the  Jet,  or, 
more  properly,  of  the  magnitude  of  its  pro¬ 
jection  in  a  direction  perpendicular  to  the 

surface  of  the  blade. 

Vie  will  designate  this  projection  vsi0t,  and  then 

vm  =  +  u  sin  a,  (5,  58) 

where  the  magnitude  of  the  total  relative  velocity  wsi0t  is  de¬ 
termined  by  equation  (5.^3). 

For  a  turbine 

c'm.  r—  —  u  sin  o.  (5,  59) 

The  roller  under  consideration  may  be  steady-state.  In  this 
case,  part  of  its  vorticity  is  continuously  carried  away  by  the 
basic  flow  into  the  aerodynamic  trail  beyond  the  blade,  and  is 
replenished  according  to  the  diagram  in  Fig.  70. 

However,  as  the  intensity  grows,  and  consequently  also  the 
transverse  dimensions  of  the  roller,  it  will  increase  to  a  cer¬ 
tain  critical  magnitude.  Then  the  transverse  force  acting  on  it 
from  the  Jet  side  leads  to  its  separation  from  the  surface  and 
its  being  washed  away  into  the  basic  flow.  The  roller  becomes 
unsteady-state;  its  development  becomes  cyclic,  and  it  begins 
to  be  carried  away  periodically. 

In  the  central  region  of  £he  vortex  roller  the  pressure  is 
less  than  in  the  flow  surrounding  it.  After  the  roller  is  car¬ 
ried  away,  water  with  a  greater  pressure  than  exists  in  the 


Fig.  70.  Diagram 
of  a  vortex  roller 
at  a  peripheral 
slot. 
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roller  enters  the  space  as  it  is  freed,  as  a  result  of  which  a 
phenomenon  analogous  to  a  hydraulic  shock  may  occur.  A  periodic 
force  appears  directed  toward  the  side  opposite  to  the  ef¬ 
fect  of  the  basic  hydrodynamic  forces,  i.e.,  to  the  side  away 
from  the  vacuum  toward  the  pressure  side. 

The  presence  of  jet  cavitation  leads  to  a  continuous  flapping 
of  cavitation  bubbles  at  the  boundary  of  the  cavitation  region, 
and  to  the  formation  of  high-frequency  pressure  pulsations  in 
the  surrounding  flow.  These  pulsations  also  act  on  the  surface 
of  the  blade  in  a  direction  from  the  suction  surface  toward  the 
pressure  surface.  Both  phenomena,  acting  simultaneously,  may 
lead  to  the  destruction  of  the  reliability  of  the  rotor  wheel. 

We  will  give  an  example. 

A  special  axial  shipboard  pump  with  an  increased  speed  of 
rotation  (in  comparison  to  normal  conditions)  was  developed.  In 
Fig.  67  the  graph  constructed  for  this  pump  are  given,  and  in 
Fig.  69  we  see  an  external  view  of  the  cavitating  jet  in  its 
model . 

In  the  tests  of  the  full-scale  pump  (H  =7.2  m)  after  475 
hours  of  operation,  the  angles  of  all  the  blades  of  the  rotor 
wheel  at  the  peripheral  edge  and  the  trailing  edge  turned  out 
to  be  bent  toward  the  pressure-head  side.  This  bending  reached 
-~15  mm. 

After  the  thickness  of  the  blade  along  the  peripheral  sec¬ 
tion,  and  all  the  trailing  edge,  was  doubled,  tests  were  again 
started,  v/hich  demonstrated  that  after  100  hours  of  operation 
the  bending  of  the  blades  was  ^3  mm;  after  200  hours,  it  was 
5  mm,  and  after  300  hours  7  mm,  i.e.,  it  increased  in  proportion 
to  the  operating  time.  If  the  tests  had  lasted  the  entire  475 
hours,  the  bending  would  have  reached  10-10. 5  mm.  Consequently, 
the  increase  in  thickness  to  double  the  former  figure  reduced 
bending  only  by  a  third  of  the  initial  magnitude,  and  not  by 
a  factor  of  four,  as  might  have  been  expected. 

The  bending  of  the  blades,  apparently,  was  a  consequence 
of  the  effect  of  the  unsteady-state  forces  described  above, 
caused  by  the  vortex  roller  being  carried  away  and  by  Jet  cavi 
tation.  From  the  graph  in  Fig.  67  it  follows  that  the  inten¬ 
sity  of  the  phenomena  indicated  may  be  reduced  by  decreasing 
the  calculated  speed  of  rotation  of  the  rotor  wheel, 

A  new  blading  system  was  developed  on  the  same  basic  param¬ 
eters.  The  number  of  revolutions  was  decreased  from  600  to  500. 

The  velocity  wsiot  in  the  old  wheel  (conventionally  designated 
"TsN-21" )  amounted  to  31  m/sec,  which  corresponds  to  a  specific 
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velocity  energy  of  50  m.  In  the  new  wheel  ("TsN-33" )  this  energy 
amounted  to  37  m,  i.e.,  approximately  75  percent  of  the  initial 
figure. 


The  tests  of  the  pump  with  the  new  blading  system  demon¬ 
strated  that  bending  still  occurred,  tut  the  amount  of  bending 
decreased  by  approximately  a  factor  of  8-10  with  the  same  thick¬ 
nesses  of  the  sections. 


Pig.  71.  Stress  pulsation  in  a  blade  of  the  rotor 
wheel  of  a  model  pump,  positive  values  (+)  are  ten¬ 
sion  stresses  on  the  pressure-head  side  of  the  blade; 
negative  values  (-)  are  compression.  1)0",  kg(force)/ 
/cm2;  2)  One  revolution  of  the  rotor  wheel  of  the 


Pig.  72.  Pulsation  of  axial  force  in  .the  rotor  of 
a  model  pump,  l)  p,  lcg( force);  2)  One  revolution 
of  the  rotor  wheel  of  the  pump. 

An  experimental  analysis  of  the  forces  acting  on  the  blade 
of  the  rotor  wheel  of  both  variations,  made  in  the  hydraulic 
machine  laboratory  of  Leningrad  Polytechnical  Institute  /$&/» 
is  of  considerable  interest.  In  Pigs.  71  and  72  the  results  of 
the  processing  of  two  oscillograms  obtained  in  the  investiga¬ 
tion  of  the  model  of  the  "TsN-21"  v/heel  are  shown.  On  each  graph 


the  results  of  the  processing  of  five  periods  of  one  and  the 
same  oscillogram  are  given.  In  the  first  we  see  the  mean  values 
of  the  amplitude  of  the  stress  in  the  material  of  the  blade;  in 
the  second  graph,  we  see  the  values  of  the  mean  amplitudes  of 
the  pulsation  of  the  axial  force  in  the  rotor  of  the  model  pump. 

In  Fig.  71  it  is  apparent  that  at  every  ninth  revolution 
a  considerable  pressure  jump  occurs,  which  led  to  a  change  in 
the  sign  of  the  stresses  of  the  blade.  A  similar  shock  was  re¬ 
corded  also  in  the  recording  of  the  axial  force  (Fig.  72).  Ap¬ 
parently  these  shocks  are  a  consequence  of  the  vortex  roller 
being  carried  away.  V’o  note  that  the  pressure  shock,  as  a  natter 
of  fact,  acted  on  a  small  area  in  the  zone  of  the  peripheral 
edge  of  the  blade,  and  its  total  force  was  commensurable  with 
the  total  axial  pressure,  i.e.,  with  the  product  of  the  pressure 
head  of  the  pump  multiplied  by  the  total  area  of  the  rotor-wheel 
disk. 


The  calculations  performed  in  accordance  with  the  data 
from  these  oscillograms  demonstrated  that  the  cause  of  the 
origin  of  the  bending  described  was  a  complex  case  of  asymmetri¬ 
cal  loads  on  the  trailing  edge,  which  varied  in  sign,  and  the 
high-frequency  cavitation  component  qf  the  pressure  pulsation 
was  imposed  on  this  edge.  With  a  reliable  probability  of  95  per¬ 
cent  the  tota^  maximum  amplitudes  of  the  stresses  were  equal  to 
250-2S0  kg/cm^. 

The  presence  of  high-frequency  pressure  pulsations,  ap¬ 
parently,  noticeably  reduces  the  ultimate  strength  of  the  mate¬ 
rial  of  the  blade  and  expedites  the  appearance  of  fatigue  strains. 

In  the  second  wheel,  the  long-period  pressure  pulsation 
was  practically  absent. 

In  the  designing  of  water- jet  propulsion  systems,  frequently 
the  diameter  of  an  axial  pump  is  selected  as  the  maximum  pos¬ 
sible  from  the  conditions  of  the  location  of  the  pump  in  the 
ship’s  hull.  The  speed  of  rotation  of  the  rotor  wheel  is  usually 
selected  as  the  maximum  within  the  limits  providing  for  an  ab¬ 
sence  of  cavitation.  Such  a  separate  selection  of  the  diameter 
and  speed  of  revolution  may  lead  to  an  abnormal  ratio  of  them 
and,  as  a  consequence,  to  the  destruction  of  the  reliability 
of  the  pump  described  (bending  of  the  blades).  Apparently,  the 
selection  of  the  proper  ratio  between  speed  of  revolution  and 
diameter  according  to  formulas  ( 4.20 )  and  (4.21)  provides  for 
a  steady  state  of  the  vortex  roller. 
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Chapter  6 

MODELLING  AND  TESTING  OP  PUMPS 

Section  30.  Principles  and  Features  of  Modelling.  The  Scale  Ef- 
TecTt  '  ' 

The  pov.’er  and  cavitation  characteristics  of  hydraulic 
machines,  including  pumps,  in  the  wide  range  of  the  variations 
of  their  parameters,  at  the  present  time  nay  be  determined  only 
as  the  result  of  the  appropriate  tests.  It  is  possible  to  carry 
over  the  results  of  model  tests  to  a  full-scale  machine  only  in 
a  case  when  the  geometrical  similarity  of  the  blading  of  the 
pump  being  compared  and  the  mechanical  similarity  of  the  flows 
of  fluid  in  them  were  carefully  observed  in  modelling. 

It  is  apparent  that  without  fulfillment  of  geometrical 
similarity  of  the  shape  and  dimensions  of  the  blading,  there 
is  no  true  modelling.  However,  in  this  case,  it  is  practically 
impossible  to  retain  similarity  relative  to  the  roughness  of 
the  model  and  the  full-scale  pump,  especially  with  the  signifi¬ 
cant  difference  between  their  absolute  dimensions.  The  greater 
this  difference  is,  the  less  the  relative  roughness  of  the  sur¬ 
faces  around  which  the  flow  is  passing  in  the  full-scale  pump 
in  comparison  to  the  model. 

The  hydraulic  efficiency  of  a  pump  is  determined  by  the 
magnitude  of  hydraulic  power  losses  1  —  ^hvd*  In  the  calculated 
operating  regime,  close  to  or  at  maximum  efficiency,  the  flow 
in  the  entire  blading  is  a  non-separation  flow.  In  this  case, 
a  considerable  fraction  of  the  power  loss  in  the  blading  is  com¬ 
posed  of  the  friction  loss.  In  axial  pumps,  especially  in  high¬ 
speed  ones,  in  which  the  solidity  of  the  lattices  of  blades  is 
small,  it  is  non-section  energy  losses,  or  the  so-called  end  (tip) 
losses,  that  play  the  determining  part.  For  example,  in  the  OD-2 
pump,  at  the  calculated  operating  regime,  the  section  losses  1  — 
~\oct  are  e<3UnI  to  H  percent  and  the  tip  losses  14  percent. 

These  losses  "are  of  a  vortex  nature,  and  the  cause  of  the  dissi- 
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pation  of  energy  is  also  viscous  friction. 

The  determining  criterion  of  dynamic  similarity  of  the 
flows,  in  the  study  of  the  forces  of  viscous  friction,  is  the 
Reynolds  number  Re  =  vl/^  .  If  the  modelling  scale  is  great, 
such  as,  for  example,  it  may  be  equal  to  20,  to  observe  the 
condition  Remoc]  -  ReDU1Tro  we  must  conduct  the  tests  either  at 
speeds  that  are  20  times  as  high,  or  at  a  kinematic  coeffi¬ 
cient  of  viscosity  that  is  only  one-twentieth  what  it  v/ould 
be  in  the  full-scale  pump.  Neither  of  these  conditions  can  be 
fulfilled.  Therefore,  the  test  regimes  are  selected  so  as  to 
provide  for  operation  of  the  model  in  the  automodelling  zone. 

The  pump  lattices  of  sections  are  always  diffuser  sections, 
and  consequently  the  magnitude  of  the  relative  velocity  beyond 
the  lattice  is  less  than  it  is  before  it. 

ye  will  dwell  briefly  on  the  features  of  the  flow  of  fluid 
in  diffuser  channels.  Here  the  flow  occurs  because  of  the  trans¬ 
formation  of  the  velocity  energy  of  the  particles  of  liquid  into 
pressure  energy,  and  the  pressure  increases  along  the  flow.  The 
viscosity  of  the  liquid  Is  manifested  in  the  formation  of  a 
boundary  layer,  within  the  limits  of  the  thickness  of  which  a 
change  in  the  magnitude  of  velocity  occurs  —  from  its  value  in 
the  basic  flow  (at  the  boundary  of  the  layer)  to  zero,  on  the 
surface  around  which  the  flow  is  passing. 

In  the  layer  directly  adjoining  the  surface,  especially  in 
the  laminar  sub-layer,  the  velocities  are  low,  and  the  kinetic 
energy  of  the  particles  may  not  be  adequate  to  overcome  the  in¬ 
verse  pressure  gradient.  Then  at  some  point  of  the  flow,  at  which 
^v/dn  -  0,  where  n  is  the  direction  normal  to  the  surface,  the 
flow  stops,  and  beyond  the  limits  of  this  point,  motion  to  the 
reverse  side  begins  downstream  in  the  layer.  The  boundary  layer 
is  torn  away .  fin  eddy  zone  is  formed  under  it.  Power  losses  in¬ 
crease  sharply  (in  comparison  to  a  separation-free  flow) . 

As  the  velocity  in  the  basic  flow  increases,  and  the  mean 
kinetic  energy  of  the  particles  of  liquid  in  the  boundary  layer 
also,  the  separation  point  also  moves  dovm  the  flow.  The  separa¬ 
tion  flow  may  shift  to  a  separation-free  flow.  Consequently,  the 
decrease  in  the  velocities  of  the  flow  in  a  model,  in .comparison 
to  the  flow  in  a  full-scale  pump,  i.e.,  the  decrease  in  the 
magnitude  of  Re,  may  lead  to  a  transition  from  separation-free 
flow  in  a  full-scale  pump  to  separation  flow  in  a  model,  and, 
from  this  standpoint,  to  a  change  in  the  form  of  the  motion  of 
the  flow,  i.e.,  to  a  disruption  of  automodelling. 

In  ordinary  conditions  in  laboratory  tests  (when  n  =  800- 
1000  rpm),  the  necessity  of  providing  automodelling  leads  to  a 
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limitation  of  the  model  scale.  The  diameter  of  a  model  rotor 
wheel  for  an  axial  pump  must  not  be  less  than  300-350  mm.  This 
agrees  with  the  analogous  recommendations  worked  out  in  prac¬ 
tice  in  research  in  axial  compressors  /20/,  —  Re  (2.0-2.5) *1(P  — 
if  as  the  characteristic  length  in  ohe  calculation  of  the 
value  of  Re,  the  chord  of  the  section  is  accepted,  and  v  =  w*,. 
This  also  agrees  with  the  available  recommendations  worked  out 
in  the  investigation  of  straight-axis  diffusers  /5J7. 

According  to  data  obtained  in  the  laboratory  of  hydraulic 
machines  of  Leningrad  Polytechnical  Institute  in  tests  of  special 
models  of  an  axial  pump,  the  specific  speed  ng  of  which  was 
equal  to  800,  the  transition  from  a  model  witfi  a  diameter  of 
the  rotor  -wheel  equal  to  250  mm  to  a  model  with  a  diameter  of 
350  mm  led  to  an  increase  in  the  efficiency  at  the  optimum  re¬ 
gime  by  2. 0-2. 5  percent.  In  some  regimes  when  Q>  Qopt,  this 
increase  reached  as  high  as  5-6  percent.  Ey  the  way,  we  might 
mention  that  the  cavitation  characteristics  of  the  model  pump 
with  a  diameter  of  350  mm  in  the  tests  were  also  noticeably 
better  and  closer  to  the  calculated  value  than  in  the  smaller 
model . 


The  impossibility  of  making  the  streamlined  surfaces  of 
the  full-scale  and  model  pumps  with  the  same  degree  of  relative 
roughness  leads  to  the  fact  that  the  hydraulic  efficiency  in 
the  full-scale  pump  is  greater  than  in  the  model  pump.  This 
phenomenon  is  called  the  scale  effect,  and  its  study  is  the 
basic  content  of  the  theory  of~  sTmTIarity  of  hydraulic  machines. 


The  methodology  of  evaluating  the  scale  effect  for  deter¬ 
mination  of  the  hydraulic  efficiency  of  the  pump  developed  by 
A. A.  Lomakin  /}\Z]  is  the  most  valid.  In  this  case,  we  work  from 
a  concept  of  the  rough  flow  around  the  surfaces  and  the  propor¬ 
tionality  of  hydraulic  losses  in  the  regime  of  maximum  effi¬ 
ciency  to  the  resistance  factor  X  and  the  square  of  a  certain 
characteristic  velocity  v^ 

A  h9~Kw-h-£.  '  -  (6.1) 

where  Kw  is  a  proportionality  constant. 


Prom  this, 
takes  the  form 


the  expression  for  the  hydraulic 


Afro  _  ■ 

Hx  ~  1 


efficiency 

*  (6.2) 


For  such  regimes  (isogonal  regimes) 


2*«t 


=  const. 


(6,3) 
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Consequently, 

Hr  =  I  Kw  —  const*X  =  1  —  const -X.  (6t  4} 

The  general  formula  of  the  resistance  factor  ^  In  a  flow 
in  round  pipes  may  be  represented  /33/  in  the  form 


x  = 


+  6,  lg  (ReKD  +  c,lg.A]*  '■ 


(6.5> 


For  the  square  zone,  when  expression  (6.1)  is  valid,  for¬ 
mula  (6.5),  according  to  the  data  of  I. Ye.  Idel’chik  /33 7,  takes 
the  form 


x  = 


( 1.138-2,0  IgA)1’ 


(6.6) 


where  A  is  the  absolute  roughness,  and  D  is  the  diameter  of  the 
pipe . 


If  we  assume  that  the  absolute  roughness  of  the  surfaces 
around  which  the  flow  is  passing  in  the  model  end  the  full- 
scale  pump  is  approximately  the  same. 


and  as  the  characteristic  dimension  we  may  accept  the  diameter 
of  the  rotor  v;heel  for  axial  pumps,  then  formula  (6.6)  may  be 
reduced  to  the  form 

*  ~  (1, 138  —  2.0  IgA-1-  2,0  IgO)-  ~  (fl'-t-  lgO):  •  (6* 7) 


In  generalizing  the  data  of  model  and  full-scale  tests  of 
centrifugal  pumps,  A. A.  Lomakin  /%3 7  reduced  formula  (6.^),  with 
a  consideration  of  expression  (6.7),  to  the  form 

’lr  =  1  _  ('g  fli.np- 0,172)*  ’  ^ 

or,  for  axial  pumps, 

*_  1  0,42  ^ 

.  ’b  ~  1  “  (Ig  0-0,172)*  • 

vihere  D  is  the  diameter  of  the  rotor  wheel,  in  millimeters. 


In  Fig.  73  a  graph  of  7]hyd  (d)  is  given,  calculated  accord¬ 
ing  to  formula  (6.9).  Actually,  curve  7?hv(3(D)  drops  more  sharply 
to  the  left  of  the  dashed  line  (D  =  350  him)  than  was  given  on 
the  graph  (as  a  consequence  of  the  disruption  of  automodelling). 


In  the  same  graph,  we  show  a  curve  of  the  dependence  of 
A%yd  =^hyd,pump  “*?hyd,mod  uPon  the  diameter  of  the  wheel. 
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Pig.  73.  Dependence  of  the  hydraulic  effi¬ 
ciency  and  scale  effect  upon  the  diameter 
of  the  rotor  wheel  of  a  pump. 

giving  the  increment  of  the  hydraulic  efficiency  of  the  pump  in 
the  transition  from  the  model  with  a  diameter  of  350  mm  to  the 
full-scale  pump.  The  value  ^/hyd^  according  to  Fig.  73>  makes 
it  possible  to  evaluate  the  magnitude  of  the  scale  effect  for 
the  maximum  hydraulic  efficiency  of  the  pump. 

Volumetric  losses  are  not  characteristic  for  an  axial  pump. 
In  a  full-scale  pump,  the  relative  dimension  of  the  radial  clear¬ 
ance  between  the  blades  and  the  chamber  is  the  same  as  in  a 
model,  and  its  effect  is  the  same  In  both  pumps.  If  we  assume 
that  the  mechanical  efficiency  in  the  model  and  the  full-scale 
pump  are  also  the  same,  we  may  consider  that  the  quantity &7?hyd' 
given  in  Fig.  73,  with  a  certain  approximation  is  the  total 
scale  effect  in  the  change  of  the  dimensions  of  the  rotor  wheel . 

For  regimes  with  a  magnitude  of  flow  rate  that  differs  from 
Qopt>  similar  to.  practice  in  hydraulic  turbine  building,  in  all 
cases  we  may  assume  that  A.rjr  =  A  0ir)OIII,  which  is  valid  for  separa¬ 
tion-free  flow  around  the  blade. 

A  peculiarity  of  the  axial  water-jet  pump.  In  distinction 
from  the  conventional  pump,  such  as,  for  example,  a  circulation 
pump,  is  the  fact  that  in  it  the  output  and  input  refer  to  the 
elements  of  the  propulsion  system,  and  not  the  pump.  Therefore, 
in  model  tests  the  effect  of  the  output  and  input  is  excluded. 

In  essence,  in  the  tests  the  power  and  cavitation  characteris¬ 
tics  of  the  blading  system  must  be  obtained,  and  not  those  of 
the  pump  in  The  ordinary  understanding. 

Section  31.  Experimental  Plant. for  Investigating  Pumps  with  an 
Xncr-ea s  ed~  Floy?  Kate^and" jjpeed 

Tests  of  model  pumps  are  conducted  for  the  purpose  of  ob¬ 
taining  the  characteristics  making  it  possible  to  judge  the 
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power  and  cavitation  characteristics  of  the  machine  in  all  pos¬ 
sible  regimes  of  its  operation. 

Various  types  of  experimental  installations  and  control 
and  measuring  apparatus  have  been  described  in  a  book  by  V.Ya. 
Karelin  /y£/ . 

With  respect  to  their  basic  parameters,  in  the  majority 
of  cases  water- jet  pumps  differ  from  ordinary  axial  pumps. 

In  water-jet  propulsion  system  for  slow  vessels  and  tugs, 
pumps  of  increased  operating  speed  are  required,  having  a  ns « 
1000-2000  (in  conventional  axial  pumps,  ns  -5^500-1200).  It 
is  feasible  to  increase  the  operating  speed  of  water-jet  pumps 
by  increasing  their  capacity.  The  maximum,  values  of  the  flow- 
rate  coefficient  of  water-jet  pumps  are  ICq  5*0. 8-1.0  (in  ordi¬ 
nary  pumps  it  is  0.5-0. 6),  and,  consequently,  the  experimental 
plant  for  studying  water-jet  pumps  must  provide  for  testing 
models  with  a  flow  rate  that  is  a  factor  of  2-4  higher  than 
for  ordinary  pumps,  even  at  the  same  values  of  nc.  Such  a  plant 
of  the  closed  type  (Fig.  74)  with  a  model  rotor-wheel  diameter 
of  350  mm,  has  been  developed  at  the  laboratory  of  hydraulic 
machines  of  Leningrad  Polytechnical  Institute. 

As  we  have  already  said  (Section  22),  the  beginning  of 
cavitation  in  a  flow  of  liquid,  other  things  being  equal,  oc¬ 
curs  more  easily  if  the  number  of  air  bubbles  in  the  water  is 
greater,  as  they  are  cavitation  nuclei,  and  also  if  their  abso¬ 
lute  dimensions  are  greater.  Ir,  cavitation  regimes,  within  the 
cavities,  together  with  steam,  the  air  dissolved  in  the  water 
is  liberated.  After  the  condensation  of  the  steam  within  the 
cavities,  the  air  bubble  remains  in  the  liquid,  and  it  is  car¬ 
ried  away  by  the  flow. 

In  a  closed  cavitation  plant,  the  air  bubbles  formed  in 
the  cavitation  zones  of  the  rotor  wheel  are  returned  back  into 
it,  passing  through  all  the  pipelines  of  the  plant.  Thus,  a 
flow  with  an  increased  number  of  air  bubbles  passes  through  the 
rotor  wheel,  which  facilitates  the  formation  of  cavitation  and 
leads  to  an  apparent  deterioration  of  the  characteristics  of  the 

rotor  wheel  being  studied.  The  results  of  such  tests  do  not 
ascertain  the  actual  characteristics  of  the  wheel,  which  it 
would  have  in  operation  In  full-scale  conditions.  From  what  has 
been  said  it  follows  that  in  the  experimental  plant  an  inverse 
solution  of  the  air  liberated  in  the  cavitation  region  must  be 
provided,  in  a  time  that  is  shorter  than  that  required  for  one 
revolution  of  a  particle  of  water  circulating  in  the  plant.  Ac¬ 
cording  to  the  standards  developed  in  investigations  of  boiler 
plants,  for  inverse  solution  of  an  air  bubble  it  is  required  that 
it  be  located  for  not  less  than  one  minute  in  the  zone  where  the 
pressure  exceeds  p<j,  or,  in  other  words,  the  average  multiple  of 
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Fig.  7^.  Diagram  of  a  plant  for  testing  model  water- 
jet  pumps.  1)  Indicator  scales;  2)  Counterweight; 

3)  Tachogenerator;  4)  Pulse-counter  interrupter; 

5)  Regulated  balancing  electric  motor;  6)  Floating 
thrust  bearing;  7)  Model  pump;  8)  Movable  duct  for 
reinstallation  of  model;  9)  Intake  nozzle;  10)  De¬ 
vice  for  reducing  readings  of  vacuum  gage  to  the 
level  of  the  axis  of  the  pump;  11)  Support  column; 

12)  Intake  vacuum  tank;  13)  Pipe  for  partial  evacua¬ 
tion  of  the  plant  during  reinstallation  of  the  model; 

14)  Manhole;  15)  Gate  valve  with  electric  drive,  for 
varying  the  hydraulic  resistance  of  the  plant  and 
the  head  of  the  model  pump;  l6)  Vacuum  hood  of  pres¬ 
sure-head  tank;  17)  Mater  gage;  18)  Additional  vacuum 
tank;  19)  Vertical  pressure-head  tank;  20)  Self¬ 
sucking  water-jacket  pump  for  returning  air  condensed 
at  the  higher  points  of  the  tanks  in  cavitation  tests 
back  to  the  water;  21)  Centrifugal  transfer  pump  for 
evacuating  the  plant;  22}  Regulated  electric  motor 
for  circulation  pump;  23)  Axial  circulation  pump; 

2k)  Vacuum  pump  for  varying  the  pressure  in  the  plant 
in  cavitation  tests;  25)  Horizontal  pressure-head 
tank  (right);  26)  vacuum-pump  control  valve;  27)  Venturi 
water  gage;  28)  Horizontal  pressure-head  tank  (left); 

29)  and  30)  Water  and  mercury  differential  flow-rate 
manometers;  31)  and  32)  Water  and  mercury  differen¬ 
tial  pressure-head  manometers;  33)  Mercury  vacuum 
gage.  A)  Input  of  water,  under  (Cont’d.  on  p.  lo2) 


l6l 
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/Key  to  Fig.  74,  cont'd^J7  pressure,  into  hydraulic 
packings;  B)  Air  outlet,  for  use  in  filling  the  plant 
and  blowing  out  the  manometers;  C)  Water  drain,  for 
use  in  reinstallation  and  evacuation  of  the  plant; 

H)  Connection  for  filling  the  plant  with  water. 

of  the  revolution  of  a  particle  of  water  in  the  plant  must  be 
not  less  than  60. 

To  improve  the  inverse  solution  of  the  air,  the  pressure 
in  the  fluid  is  increased,  for  which  annular  communicating 
pipes  of  the  closed  circuit  are  placed  on  a  vertical  plane, 
as  is  shown  in  Fig.  74,  and  not  on  a  horizontal  plane,  as  is 
sometimes  used.  In  this  case,  the  inverse  solution  conditions 
will  be  better  if  the  submergence  of  the  lower  branch  of  the 
plant  is  greater  in  comparison  to  the  upper  branch  where  the 
pump  being  tested  is  located. 

The  volume  of  the  circulating  water  in  the  plant  shown  in 
Fig.  74  is  3*5  nP;  this  gives  an  average  multiple  of  the  circula¬ 
tion  of  particles  of  0.1  Q,  with  the  Q  being  given  in  liters  per 
second.  Consequently,  the  plant  provides  for  inverse  solution 
of  the  air  in  model  tests  with  a  flow  rate  of  up  to  600  l/sec. 
Eesides  this,  the  lower  branch  of  the  plant  is  5  m  below  the 
axis  of  the  pump.  Both  these  circumstances  practically  always 
provide  for  inverse  solution  of  the  air. 

The  effect  of  the  multiple  of  the  revolution  of  the  water 
particles  may  be  illustrated  by  the  results  of  specially  assigned 

experiments.  The  rotor  wheel  of  the  OD-2  pump  was  tested  in  two 

plants:  one  with  a  volume  of  circulating  via  ter  equal  to  36  m3, 
and  one  with  a  volume  of  3.5  m3,  i.e.,  only  a  twelfth  as  much. 
The  multiple  of  the  revolution  of  a  water  particle  in  it,  with 
a  flow  rate  of  200-300  l/sec,  amounted  to  240-360. 

In  Fig.  75,  the  results  of  both  tests  are  given,  at  one 

and  the  same  blade  angle  -  0,  and  one  and  the  same  speed  of 

revolution,  800  rpm.  The  square  point  corresponds  to  the  value 
of  the  coefficient  cr  obtained  as  a  result  of  the  calculation  of 
the  blades  according  to  A.F.  Lesokhin«s  method.  The  high  multi¬ 
ple  led  to  a  significant  apparent  deterioration  of  the  cavita¬ 
tion  characteristics  of  the  wheel.  In  normal  test  conditions, 
the  calculated  and  experimental  values  of  the  cavitation  coef¬ 
ficient  practically  coincide. 

The  minimum  head  which  may  be  accomplished  at  the  given 
number  of  revolutions  in  a  model  pump  is  determined  by  the  magni¬ 
tude  of  the  hydraulic  resistance  of  the  channel  of  the  closed 
plant  at  the  given  flow  rate.  A  second  feature  of  the  plant  (see 
Fig.  74)  is  the  presence  of  a  circulation  pump  in  it,  which  pro- 
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provides  for  a  flow  rate  of  the  cir¬ 
culating  water  to  the  same  side  as 
the  side  of  the  model  being  tested. 

The  circulation  pump  thus  communi¬ 
cates  to  the  water  an  energy  "of  the 
same  sign"  as  the  model  pump.  This 
reduces  the  total  magnitude  of  energy 
losses  in  the  outer  circuit  of  the 
pump  being  studied,  and  gives  us  the 
opportunity  to  take  its  characteristics 
at  heads  of  the  model  which  decrease 
to  zero.  The  presence  of  a  circulating 
pump  makes  it  possible  to  accomplish 
turbine  operating  regimes  of  the  model 
also,  and  also  to  record  the  total 
PiS.  75.  Comparison  of  round  characteristics, 
the  results  of  cavita¬ 
tion  tests  of  the  blad-  The  quantity  of  air  in  the  water 

ing  system  of  the  OD-2  passing  through  the  model  being  tested 

pump  obtained  in  two  affects  the  results  of  the  cavitation 

plants.  1)  In  a  plant  tests.  In  prolonged  operation  of  the 

with  a  volume  of  the  cir-  plant  under  a  vacuum,  the  air  is  liber- 

culating  water  equal  to  ated  from  the  water,  and  water  with 
3.5  m3;  2)  v/ith  a  volume  a  much  lower  air  content  passes  through 
of  36  m3.  the  model. 

To  stabilize  the  quantity  of  air  contained  in  the  circulating 
water,  a  self-suction  water- jacket  pump  is  included  in  the  plant, 
which  removes  the  air  liberated  from  the  highest  points  of  all 
tanks  in  the  plant  and  returns  it  at  the  lowest  point  of  the 
entire  system.  Before  measuring  the  flow  rate  of  water,  this 
pump  is  switched  off. 

The  maximum  parameters  of  the  plant  are:  head,  up  to  50  m; 
flow  rate  up  to  500-600  l/sec;  vacuum  above  the  free  surface  to 
9. 7-9 *9  m  H2O;  speed  of  revolution  of  the  rotor  wheel  of  the 
model,  from  300  to  1500  rpm;  head  of  the  circulating  pump,  up 
to  13  m. 

Section  32.  Methodology  of  Power  and  Cavitation  Tests 

Power  tests .  In  tests  of  models  of  blading  systems  for  axial 
pumps- or~waTfer- j et  propulsion  systems,  the  head  is  determined 
as  the  difference  of  total  specific  energies  of  the  liquid  after 
the  return-circuit  rig  and  before  the  rotor  wheel.  Its  magnitude 
Is  calculated  according  to  the  formula 

H  =  H„  +  //„  =  +  KCQ\  (6,10) 

/?cr  =  Hst  =  Hsection( theoretical )J  Hck  =  Hscr  =  HSection(critical)jJ^ 


vjhere  Ahhead  =^hhead^7  is  the  pressure  difference  in  the 

differential  head  manometer,  in  mll20;  v  f\-f\  /Kq  =  Ks  = 

“  KsectionV >  F2  and  $ 1  are  the  areas  of  the  active  section  of 
the  flow  in  those  lengths  of  the  pipeline  v;here  the  pressure 
manometer  is  attached,  in  m2. 

The  flow  rate  of  the  pump  is  considered  as  the  flow  rate 
through  a  Venturi  nozzle  and  is  calculated  according  to  the  for¬ 
mula  _ 

<?  =  1,252- W-'-aeK^Y^,  (6,11) 

where  the  magnitudes  of  the  coefficients  K,  «,  and  Kt  are  estab¬ 
lished  according  to  rules  27-54  /o5,  96/. 

The  power  consumed  by  the  pump  is  determined  by  separate 
measurements  of  the  speed  of  revolution  and  the  moment  at  the 
shaft.  The  greatest  accuracy  in  the  measurement  of  the  speed 
of  revolution  is  provided  by  calculation  of  the  number  of  elec¬ 
tric  pulses  obtained  from  an  interrupter  on  the  shaft.  In  this 
case,  the  operating  time  of  the  pulse  counter  is  given  by  a 
calibrated  time  relay,  the  relative  error  of  which  must  not  ex¬ 
ceed  0.03-0.05  percent.  The  measurement  by  the  counter  must 
provide  for  determination  of  the  average  speed  of  revolution. 
Since  it  is  practically  impossible  to  stabilize  the  operation 
of  a  model  pump  strictly,  the  operating  time  of  the  pulse  counter 
must  not  be  small.  Satisfactory  results  are  obtained  in  a  case 
when  the  counter  operates  for  oO  seconds,  during  which  auto¬ 
matic  averaging  of  the  measurements  of  the  speed  of  revolution 
occurs.  All  the  other  measurements  are  done  as  the  averages  for 
the  operating  tine  of  the  counter.  ; 

The  moment  at  the  shaft  is  measured  as  the  reactive  moment 
in  the  stator  of  the  balancing  electric  motor.  The  greatest 
sensitivity  Is  achieved  by  the  application  of  suspension  of 
the  stator  on  disk  supports  (Fig.  76).  At  the  Leningrad  Poly- 
technical  Institute,  balancing  motors  are  used  on  such  supports, 
with  capacities  of  1  to  135  Kw.  Their  sensitivity  is  from’ 5  to 
25  g ,  depending  upon  the  weight  of  the  motor. 

The  stator  part  of  the  motor  must  be  thoroughly  balanced 
by  a  counterweight.  The  best  operating  conditions  are  achieved, 
with  a  certain  residual  imbalance,  creating  a  moment  of  rotation. 
Thus  the  operating  stability  of  the  balancing  device  is  in¬ 
creased,  and  accuracy  of  measurement  is  improved. 

The  basic  attention  should  be  devoted  to  the  design  of  the 
power  supply,  i.e.,  to  the  connection  of  the  terminals  of  the 
motor  with  the  power-supply  cable.  In  Fig.  77  a  diagram  of  an 
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Fig.  76.  Diagram  of  the  disk  suspension  of 
the  stator  of  a  balancing  electric  motor. 

1)  Electric  motor;  2)  Support  disks;  3)  Cradle 
on  which  the  motor  is  fastened;  4)  Support 
frame . 

elastic  power  supply  for  a  balancing  motor  is  shown.  The  power 
lead  consists  of  freely  hanging  ribbons  of  copper  foil,  0.1  mm 
thick,  the  number  of  which  is  determined  by  the  total  section 
required , 


The  magnitudes  of  the  efficiency  in  tests  is  calculated 
according  to  the  formula 


where 


T, _ QH-  - 

^  Ala  "(P-Px:x)n’ 


(6.12* 


L  is  the  length  of  the  lever  of  the  balancing 


engine;  n  is  the  speed  of  revolution,  in  rpm;  P  and  Pidle  /Jx.x 
=  pidle  "  ^idling  regime.^  *s  weight  at  the  end  of  the  lever 
in  tests  and  when  idling,  i.e.,  with  the  rotor  of  the  motor  re¬ 
volving  and  the  pump  shaft  disconnected. 


The  methodology  described  provides  for  a  value  of  the  mean 
square  maximum  relative  error  of  measurement  of  the  magnitude 
of  the  efficiency  equal  to 

-^-•100%  <(0,4 -4-0,6)%.  '  - 

The  results  of  power  tests  are  formulated  in  the  form  of 
the  operating  characteristics  of  the  pump,  i.e.,  curves  of  the 
head  and  efficiency  as  functions  of  the  flow  rate  of  the  pump 
when  n  =  const  and  with  a  constant  position  of  the  blades  rela¬ 
tive  to  the  hub  of  the  rotor  wljeel,  Cf  =  const  (Fig.  78). 

It  is  apparent  that  turning  the  blades  of  the  rotor  wheel 
essentially  widens  the  possible  range  of  operating  regimes  of 
the  pump.  Therefore,  the  tests  are  conducted  with  several  posl- 
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Fir;.  78.  Operating  characteristics  of 
an  impeller  pump  when  9*  =  const.  D  = 
=  350  mm;  n  =  800  rpm. 


tions  of  the  blades,  i.e.,  several 
fixed  values  of  the  angle  .  Usually 
y  =  0  ic  assumed  as  the  calculated  — 
designed  —  position  of  the  blades. 

Values  of  <f  at  blade  angles  greater 
than  the  calculated  value  are  considered 
to  be  positive,  and  when  the  blade  angle 
is  less  than  the  designed  angle,  is 
considered  to  be  negative. 

Most  frequently  a  water- jet  pump  is  made  with  fixed  blades, 
i.e.,  as  an  impeller  pump.  In  this  case,  the  tests  of  a  model 
pump  begin  at  the  maximum  blade  angle  -  +  (l5°-20°).  In  such 
a  position  the  peripheral  edge  of  the  blade  is  turned  around 
the  cylinder,  after  which  the  tests  are  conducted,  and  the  operat¬ 
ing  characteristics  recorded. 

Then  the  blades  are  installed  in  the  next  position,  usually 
less  than  5°>  and  again  the  periphery  is  turned  to  the  same 
amount  as  before,  after  'which  the  appropriate  tests  are  again 
run.  The  entire  cycle  is  continued  until  such  time  as  the  angle 
becomes  equal  to  —  10°. 

With  a  decrease  in  the  angle  9*  between  the  blade  tips 
and  the  surface  of  the  hub,  wedge  gaps  are  formed,  which  are 
greater  if  the  angle  is  smaller  in  comparison  to  the  maximum 
value.  These  gaps  must  be  finished  off  so  that  the  surface  of 
the  blade  is  continued  smoothly  to  the  hub.  Usually  this  is 
done  by  moans  of  wooden  wedges. 


Fig.  77.  Diagram  of  an 
elastic  power  lead 
to  a  balancing  electric 
motor.  1)  Fixed  block 
to  which  the  power-sup- 
ply  cable  is  led;  2) 
Block  fastened  to  the 
cradle  of  the  balancing 
motor. 


As  a  result  of  such  a  test  cycle,  a  series  of  operating 
characteristics  Is  obtained,  the  matching  of  which  on  one  graph 
gives  the  general  characteristics  of  the  pump  (Fig.  79).  Strictly 
speaking,  these  characteristics  are  a  totality  of  the  character¬ 
istics  of  individual  impeller  pumps,  differing  from  one  another 
in  the  angle  of  rotation  of  the  blades  of  the  rotor  wheel. 

A  pump  is  called  rotary-blade  in  a  case  when  the  blades  of 
the  rotor  wheel  can  cruTngetheir  angle  during  its  operation. 

To  obtain  characteristics  of  such  a  pump,  the  tests  should  be 
conducted  in  the  same  conditions  in  which  the  full-scale  pump 
Will  operate,  i.e.,  in  a  spherical  form  of  chamber  (see  Fig.  11), 
or  in  the  same  form  of  chamber  as  the  full-scale  pump  would  have. 
The  peripheral  edges  of  the  blades  must  be  spherically  finished. 

Curves  of (Q)  obtained  in  the  tests  of  a  rotary -blade  pump 
for  different  values  of  ^  -  const ‘may  be  combined.  If  the  group* 
of  curves  of  'fy(Q)  is  intersected  by  horizontal  lines  T?  =  const, 
and  the  points  of  intersection  on  the  corresponding  lines  of 
H(Q)  are  plotted,  and  then  the  points  with  the  same  values  of 
efficiency  connected  by  smooth  curves,  universal  characteristics 
are  obtained,  which  are  curves  of  the  pressure  heads  at  constant 
magnitudes  of  the  blade  angle  and  curves  of  different  values 
of  efficiency  in  the  field  H  —  Q.  In  Fig.  80  such  characteris¬ 
tics,  constructed  according  to  Fig.  79,  are  shown. 


Fig.  79.  Operating  characteristics  of  an 
axial  pump  at  different  blade  angles. 
-  H(Q); . V  (Q) .  1)  Q,  l/sec- 


For  water- jet  impeller  pumps,  the  construction  of  the  uni¬ 
versal  characteristics  is  somewhat  conditional,  since  it  is  con¬ 
structed  according  to  a  totality  of  impeller  characteristics  and, 
in  essence,  is  a  combination  of  them  on  one  graph,  and  not  the 
characteristics  of  a  continuous  variation  of  cf  in  a  rotary- 
blade  pump. 
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Cavitation  tests .  The  purpose  of  cavitation  tests  is  the 
determlnaTion  of~t'ne" 'appropriate  coefficients  whose  use  will 
give  us  the  opportunity  to  determine  the  permissible  geometri¬ 
cal  suction  height  of  the  full-scale  pump  (see  Section  24).  It 
is  apparent  that  the  results  of  the  tests  must  be  adequately 
reliable  and  must  objectively  reflect  the  cavitational  char¬ 
acteristics  of  the  pump  being  studied.  In-  this  connection,  we 
will  stop  to  mention  some  diagrams  of  cavitation  plants  that 
are  used . 

There  are  two  principle  diagrams  of  cavitation  plants  for 
testing  pumps:  the  closed  plant  (Fig.  7*0  and  the  open,  or  clear 
plant.  In  Fig.  1  a  typical  diagram  of  an  open  Diant  is  shown, 
adapted  by  us  from  a  book  by  V.Ya.  Karelin  /y£/ .  We  will  write 
the  Bernoulli  equation  along  the  flow  line  from  the  point  on 
the  free  surface  in  basin  A  to  a  point  in  the  intake  duct  of 
the  pump,  before  its  rotor  wheel. 

y  =  7-+  ^+'2*  +  A»-  (6.13) 

Here  hw  is  the  sum  of  hydraulic  losses  in  the  suction  sec¬ 
tion  of  the  pipeline. 

Let  us  consider  cavitation  tests  for  a  certain  given  operat¬ 
ing  regime  of  the  pump  when  Q  =  const  and  H  =  const.  Then,  from 
the  Bernoulli  equation,  .  j  . 

A const.  (6,14) 
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A  chance  in  the  opening  of  the  gate  valve  9>  such  as,  for 
example,  a  decrease  in  the  open  section,  leads  to  an  increase 
in  the  resistance  factor  of  the  gate  valve,  £  ,  and  in  hv:,  and 
consequently  /from  (6.l4)7,  also  to  a  decrease  in  the  pressure 
before  the  wheel,  Ps/y .  It  is  apparent  that  to  maintain  H  ~  const 
with  a  partial  closure  of  the  gate  valve  9*  the  pressure-head 
gate  valve  7  must  be  opened  so  much  that  the  sum  of  the  losses 
in  both  gate  valves  remains  constant  during  all  the  time  of  the 
tests . 


From  what  has  been  said  it  follows  that  the  plant  made  in 
accordance  with  the  diagram  shown  in  Fig.  8l  makes  it  possible 
to  vary  the  pressure  before  the  rotor  wheel  of  the  pump,  and  to 
conduct  cavitation  tests  of  it.  However,  in  such  a  plant  a  regu¬ 
lated  gate  valve  lies  directly  before  the  input  to  the  wheel, 
which  leads  to  definite  consequences,  namely 

—  choking  (throttling)  of  the  flow  in  the  gate  valve  causes 
a  sharp  disruption  of  the  heterogeneity  of  the  flow  beyond  it, 
i.e.,  before  the  rotor  wheel,  which  must  rnandatorily  have  an 
effect  on  the  power  characteristics,  and,  especially,  the  cavi¬ 
tation  characteristics,  of  the  rotor  wheel.  In  this  case  homo¬ 
geneity  of  the  flow  before  the  wheel  may  be  provided  by  in¬ 
stalling  a  straight  section  of  pipe,  the  length  of  which  must 

be  no  less  than  10-15  of  its  diameters,  between  the  gate  valve 
9  ar.d  the  pump  being  tested; 

—  in  choking  of  the  flow  by  gage  valve  9,  the  velocity  of 
the  fluid  in  it  is  always  considerably  greater  than  it  is  in  the 
input  section  of  the  rotor  wheel.  Cavitation  may  set  in  in  the 
gate  valve  earlier  than  it  does  in  the  pump  wheel .  In  this  case, 
the  air  bubbles  formed  during  cavitation  in  the  gate  valve  will 
get  into  the  wheel  being  studied.  If  the  gate  valve  is  installed 
in  direct  proximity  before  the  pump,  as  is  shown  in  Fig.  8l, 
cavitation  bubbles  that  have  not  yet  succeeded  in  collapsing 
may  get  into  the  rotor  wheel,  which  unavoidably  will  lead  to  an 
apparent  deterioration  of  the  cavitation  characteristics  of  the 
pump  during  the  tests.  To  avoid  this,  it  is  necessary  to  install 
a  tank  of  adequately  large  size  between  the  gate  valve  and  the 
pump  being  investigated,  in  which  tank  inverse  solution  of  the 
air  liberated  during  cavitation  in  the  gate  valve  will  occur. 

The  presence  of  a  tank  and  a  long  intake  pipe  considerably 
increases  the  dimensions  of  the  entire  plant,  i.e.,  reduces 
its  compactness. 

Unfortunately,  plants  made  in  accordance  with  the  diagram 
in  Fig.  8l  are  quite  widely  used,  especially  in  tests  of  cen¬ 
trifugal  pumps,  which  has  forced  us  to  dwell  on  their  unreli¬ 
ability  in  more  detail. 
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Fig.  8l .  Open  plant  for  testing  a  centrifu¬ 
gal  pump,  l)  Pressure-head  gate  valve;  2) 

Flow  gage;  3)  Outlet  pipeline;  h)  Manometer; 

5)  Mercury  manometer;  6)  Mercury  vacuum  gage; 

7)  Balancing  electric  motor;  8)  Pump  being 
tested;  9)  Suction  valve:  10)  Intake  duct; 

11)  Measuring  sluice;  12)  Float  measuring 
device . 

In  cavitation  tests  of  pumps,  the  so-called  separation  char¬ 
acteristics  arc  recorded  (see  Fig.  59),  which  are  the  dependence 
of  the  basic  power  parameters  of  the  pump:  H,  Q,  and  ^ ,  upon  the 
magnitude  of  the  excess  suction  head  Hsv"at  a  constant  speed  of 
revolution  of  the  rotor  wheel.  In  practice,  it  is  more  convenient 
during  the  tests  to  construct  the  dependence  of  the  parameters 
upon  the  magnitude  of  the  vacuum  before  the  rotor  wheel  Hv, 
rather  than  their  dependence  upon  H£v>  end  to  calculate  the 
values  of  Hsv  at  the  critical  points  only. 

With  respect  to  the  separation  characteristics,  two  criti¬ 
cal  values  of  Hsv  are  determined.  The  first  of  them  is  considered 
to  be  the  value  of  HSVj,  at  such  a  vacuum  Hvj  when  any  of  the 

curves  of  H,  Q,  or  'ty  ceases  to  be  horizontal.  This  corresponds 
to  the  beginning  of  the  effect  of  cavitation  on  the  power  char¬ 
acteristics  of  the  pump.  Sometimes  the  second  critical  value  of 
Hsvjx  determined  according  to  the  magnitude  of  the  vacuum  at 
a  complete  breakdown  of  the  operation  of  the  pump.  In  this  case, 
the  permissible  suction  height  is  determined  in  accordance  with 
the  magnitude  of  the  so-called  cavitation  safety  factor,  Ahy, 
which  is  numerically  equal  to  Hsvj* 

Sequence  of  the  recording  of  the  separation  characteristics. 
The  required  operaTfng  regime  ( CT,~ 'lVf~6T The  pump 'being  tested  is' 
established,  and  all  the  quantities  are  measured  at  atmospheric 
pressure  above  the  free  surface  in  the  plant.  Then  the  space 
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above  the  surface  is  isolated  from  the  atmosphere,  and  the  pres¬ 
sure  in  it  is  gradually  reduced  (by  means  of  a  vacuum  pump).  At 
each  new  value  of  the  vacuum  changing  the  opening  of  the  pres¬ 
sure-head  valve,  one  and  the  same  value  of  the  flow  rate  is  pro¬ 
vided,  i.e.,  one  and  the  same  operating  regime  of  the  pump.  The 
vacuum  increases  until  a  breakdown  appears,  i.e.,  until  the 
head  drops.  The  number  of  points  in  this  case  must  be  adequate 
for  a  clear  fixation  of  the  values  of  HVj  and  HV;q. 

Regulation,  i.e.,  variation  of  the  degree  of  opening  of  the 
pressure-head  valve  in  a  closed  plant  (see  Fig.  74),  is  neces¬ 
sary  for  the  following  reason.  In  partial  opening  of  the  valve, 
v.ortex  formation  always  occurs  in  its  opening,  as  a  consequence 
of  the  complexity  of  the  shape  of  the  blading.  In  the  central 
regions  of  the  vortex  filaments,  the  appearance  of  cavitation 
cavities  is  possible.  V/ith  a  decrease  in  pressure  in  the  plant, 
the  degree  of  the  effect  of  these  cavities  on  power  losses  and 
the  "blocking"  of  the  active  section  of  the  flow  in  the  valve 
will  grow.  Thus,  the  growth  of  the  vacuum  in  the  plant  may  lead 
to  a  change  in  the  operating  characteristics  of  the  valve  and 
the  external  circuit  of  the  pump  being  tested.  In  this  case, 
it  may  turn  out  that  the  variation  of  the  power  characteristics 
of  the  pump  observed  is  not  a  consequence  of  the  beginning  of 
the  manifestation  of  cavitation  on  the  blades  of  the  rotor  wheel, 
but  of  the  indicated  change  of  the  characteristics  of  its  exter¬ 
nal  circuit.  Practice  in  cavitation  tests  demonstrate  that  in 
the  regulation  of  the  gate  valve,  the  results  obtained  are  more 
stable  and  precise  than  v;hen  the  breakdown  characteristics  are 
recorded  without  regulation. 

In  the  method  of  determining  HVT  and  explained  above, 

the  designation  of  the  quantity  HVj  In  sloping  breakdown  curves 
is  somewhat  arbitrary  as  it  is  obtained,  and  the  quantity 

found  in  accordance  with  total  disruption,  is  not  characteristic, 
since  such  regimes  never  can  occur  in  a  pump  with  the  correct 
selection  of  the  permissible  suction  height  according  to  the 
first  critical  value.  Therefore,  another  method,  which  makes 
It  possible  to  calculate  the  second  critical  value  according  - 
to  such  a  magnitude  of  Hv,  is  more  reliable,  in  which  the  char¬ 
acteristics  of  the  pump  K  or  ^  drop  by  1  percent  of  the  initial 
magnitude.  In  this  case,  the  permissible  magnitude  of  the  suc¬ 
tion  height  is  determined  according  to  the  formula 

(tf,U  =  1 ^  --  <P  -  hw,  (6. 15) 

where 

(/Umin  =  -  4  “  (6. 16) 
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Here  (pv)max  is  determined  by  the  method  indicated,  according  to 
the  disruption  characteristics;  and  (f  is  a  safety  factor;  for 
axial  water- jet  pumps,  it  may  be  assumed  as  equal  to  1.10-1.15. 

By  using  the  value  of  (Hsv)min^  the  magnitudes  of  the  cavi¬ 
tation  coefficients  cr  and  C  are  calculated  according  to  for¬ 
mulas  (5.15)  and  (5.16). 

Section  33.  Ilethodology  of  generalizing  Pump  Characteristics  and 
Their  TTomparlson  "with  'the  Curves  of  the  Effect  or 
Screw  Propellers 

The  results  of  tests  of  a  model  pump  may  be  presented  in 
the  form  of  it's  universal  characteristics  (see  Fig.  80),  which 
is  valid  for  a  pump  having  the  given  shape  and  dimensions  of 
the  blading,  the  definite  diameter  of  the  rotor  wheel  (350  mm), 
and  a  specific  constant  of  the  speed  of  revolution  of  the  wheel 
(800  rpm) .  From  this  characteristic,  having  applied  the  conver¬ 
sion  according  to  the  similarity  formulas,  we  may  obtain  the 
antilogous  characteristics  for  any  pump  of  the  given  scale  series, 
and  at  any  other  constant  value  of  the  speed  of  revolution  /for 
tiie  flow  rate  of  the  pump,  formulas  (2.17)  or  (2.18),  for  tne 
head  (2.20)  or  (2.21),  and  for  the  power  consumed  (2.22)  or 
(2.23J7.  However,  for  every  other  variation  of  D  and  n,  there 
will  ce  a  different  characteristic  of  its  own. 

Usin^  the  law’s  of  similarity,  we  may  reduce  (convert  and 
rearrange)  the  universal  characteristics  in  several  generalized 
coordinates,  which  are  common  for  the  entire  scale  series  with 
an  accuracy  up  to  the  scale  effect.  Such  characteristics  are 
usually  called  the  reduced  universal  characteristics. 

’in  various  branches  of  hydraulic  machine  building,  dif¬ 
ferent  methods  of  such  generalization  are  used.  The  most  widely 
distributed,  although  the  least  convenient,  is  the  method  of 
constructing  thef characteristics  in  the  so-called  reduced  coor¬ 
dinates  nj  and  Qj .  In  hydraulic  turbine  building,  this  method 
is  the  only  one. 

We  will  remember  that  the  independent  criteria  of  dynamic 
similarity  in  a  flow  in  pressure-head  channels  are  the  Reynolds 
number  (Re  =  vl/v),  the  Stroughal  number  fsh  -  v/lt  or  Sh  «* 

=  v/ln)  and  the  Froude  number  (Fr  =  v2/gl) •  The  presence  of  the 
first  two  leads  to  an  eouality  of  one  more  criterion,  the 
Euler  number  (Su  =  p/fv2). 

Having  replaced  the  pressure  difference  in  the  Euler  number 
by  the  head  p  ='}/H,  we  obtain  • 
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Ue  will  assume  that  v  =  vz;  then 


H  -  vF  _ 

KEu 


i  Vii-O'VH. 


(6. 18) 


At  a  diameter  of  the  rotor  wheel  of  the  machine  D  =  1  m, 
and  a  head  H  =  1  m,  the  product  D2  is  equal  to  one,  and 

Q‘  =  iVir’  (6,i9) 

v;here  Qj  is  the  flow  rate  (flow),  reduced  to  one  meter  of  the 
diameter  and  one  meter  of  the  head,  or  the  reduced  flow  rate. 


Prom  expression  (6.l8)  and  (6.19)  it  follows  that  the  re¬ 
duced  flow  rate  is  associated  with  the  real  flow  rate  by  the 
dependence 


d'-yh 


(6.20) 


The  dimensionality  of  this  quantity  /Qj  ~J  -  m1/2  sec-*. 
Usually  it  is  assumed  that  /Qt  7  “  m3/sec  or  l/sec  /J2 ~J . 

lie  will  express  the  number  of  revolutions  from  the  Stroughal 
number 


n  = 


l-Sh 


(6.21) 


and  assume  that  _1  =  D. 
we  obtain 


V/ith  a  consideration  of  expression  (6.17)> 


Vs  Vh 
Sh  Vtu  O  • 


(6.22) 


or. 


v;hen  D  =  1  m  and  H  =  1  m, 

n, 


Vs 

Sh  /Eu  * 


(6.  23) 


In  the  comparison  of  formulas  (6.22)  and  (6.23) >  it  is  ap¬ 
parent  that  the  dependence  of  the  reduced  revolutions  (per 
meter  of  the  diameter  and  per  meter' oT“t he  head")  upon  the  real 
number  of  revolutions  has  the  form 


nD 

'”7»' 


The  dimensionality  of  /Hr  =  m^-/2  sec"i . 
sume  that  /nr  7  =  rpn  [J2/ . 


(6.24> 

Usually  v?e  as- 


From  formulas  (6.19)  and  (6.23)  it  is  apparent  that  the  re¬ 
duced  quantities  are  functions  of  the  criteria  of  similarity, 
and,  consequently,  in  two  machines  of  the  same  scale  series,  at 
the  same  value  of  Qj  and  n-j-,  mechanical  similarity  of  the  flows 
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is  provided.  In  hydraulic  turbine  building,  such  regimes  are 
called  isogonal. 


The  dependence  of  the  reduced  quantities  upon  the  head 
causes  a  distortion  of  the  form  of  the  characteristics,  which 
presents  great  inconveniences. 

The  restilts  of  the  conversion  to  the  reduced  coordinates 
of  the  operating  characteristics  given  in  Pig.  78  and  the  uni¬ 
versal  characteristics  in  Pig.  79  are  shown  in  Figs.  82  and  83. 

In  compressor  building,  for  generalization  of  the  char¬ 
acteristics,  v;e  apply  the  pressure-head  coefficient  and  flow¬ 
rate  coefficient.  .  . 


Having  assumed  that  p  -fU  and  v  =  u  from  the  formula  for 
the  Euler  number,  we  obtain 


EU--S--4. 

QU*  U * 


(6, 25). 


It  is  assumed  that  the  pressure-head  coefficient  is 


2Eu  =  M. 


or,  having  expressed  u  via  n,  and  D, 


.  7170// 


(6.  26 y 


(6,27) 


where  n  is  the  number  of  rpm. 


VJe  will  place  v  =  vz  and  the  period  of  one  revolution, 
t  =  2 ir/o,  in  the  expression  for  the  Stroughal  number.  Then 


Sh 

v,  •  2n  u,n 

The  flow-rate  coefficient  is  assumed  to  be 


(6,28). 


_  _  1  _  0, 

■  n  Sh  u 


(6.29)- 


24.33Q 

<P_  V‘n(l  -d*)' 


.(6.30) 


Prom  formulas  (6.26)  and  (6.29)  it  is  apparent  that  the 
coefficients  <f  and  V  are  functions  of  the  criteria  of  similarity, 
but,  in  distinction  from  the  quantities  Qj  and  nj-,  they  do  not 
depend  upon  the  head,  and  their  application  does  not  distort 
the  form  of  the  characteristics.  In  Fig.  8*1  a  result  of  the 
reorganization  of  this  same  characteristic  is  given  (see  Pig. 

78)  for  the  coordinates  and  y  . 
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Pi".  83.  Universal  characteristics  in  reduced  coordi¬ 
nates,  converted  from  the  characteristics  in  Fig.  80. 
1)  nj,  rpm;  2)  Q^,  l/sec. 

In  American  practice,  similar  coefficients  are  used 


9  =  ^  =  9-  (6.32) 


For  an  analysis  of  the  opera¬ 
tion  of  compressors  and  fans,  the 
so-called  "TsAGI  /Central  Aero- 
hydrodynamic  Institute  inenl  II .Ye. 
Zhukovskiy/  coefficients"  are  used: 

•  Q  =  ~-  =  <P.  (6.33) 

<M<) 

which,  in  essence,  are  the  same 
as  the  coefficients  *7  and  ^  . 


The  combinations  Qx/Q  and 
2gll/u2,  sometimes  used  in  centrifu- 
Fig.  84.  Operating  character-  sal  pumps  [pTJ ,  have  less  common 
istics  in  coordinates  V1 ,  applications, 
converted  from  the  character¬ 
istics  in  Pis.  78.  The  pressure-head  coefficient 

Kji  and  flow-rate  coefficient  Kq 
(K 0  in  the  GOST),  as  accepted  in  the  GOST  for  axial  pumps.  No. 
93o6— 5o,  developed  at  the  VITM  /All-Union  Scientific-Research 
Institute  of  Hydraulic  Machine  Buildinj/  are  most  convenient. 

From  formulas  (2.18)  and  (2.21)  it  follows  that  for  the 
given  scale  series  of  machines 

<?«' 


Qh. 

CJn) 

H„ 


TFTT  ~  777 iV  =  COnst  =  Kq 
(CJn)»  (03«)m  V 


(D-n-)u  “  W-n'-), 


—  const  —  Kh- 


(6.35) 

(6.36) 


Consequently, 

Q  =  KqD*r\  or  Kq  ~  -75^ ; 
Here  n  is  revolutions  per  second. 


(6.37) 

(6.38) 


All  the  methods  given  above  for  generalization  of  the  char¬ 
acteristics  are  connected  with  each  other,  since  they  are  all 
based  on  the  application  of  the  laws  of  mechanical  similarity 
of  flows  in  machines. 


Vie  may  easily  prove  that 


(6.39) 
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(6.40) 


Methods  of  generalization  of  the  characteristics  of  screw 
propellers,  which  have  recently  become  widely  distributed  /5 7 
also  in  the  analysis  of  the  operation  of  water-jet  propulsion 
systems, are  a  special  case. 


A  screw  propeller  is  intended  for  communicating  additional 
mechanical  energy  to  the  liquid  flowing  through  it.  Consequently, 
from  the  power-engineering  standpoint  a  screw  propeller  is  a  pump, 
and  therefore  the  operation  of  a  screw,  like  the  operation  of  a 
pump,  may  be  described  by  one  and  the  same  equations. 

The  specifics  of  the  use  of  the  sc  rev;  propeller  led  to  a 
special  method  of  representing  and  generalizing  its  hydraulic 
characteristics. 


The  operating  regime  of  a  screw  propeller  is  usually  char¬ 
acterized  by  the  magnitude  of  the  relative  advance 


(6.41) 


showing  the  ratio  of  the  rate  of  axial  movement  of  the  propeller 
Vp  to  th‘.  surrounding  velocity  at  the  ends  of  the  blades  TTOn, 
where  n  is  the  number  of  revolutions  of  the  propeller  per  second . 
More  frequently  the  quantity  of  the  linear  advance  is  used 


in  which  the 


i 

constant  Tf  is  lacking. 


°p 

Dn 


(6.42) 


Having  applied  conditions  of  similarity  to  the  operation  of 
a  screw  propeller,  we  may' obtain  formulas  structurally  analogous 
to  expressions  (6.37)  and  (6.38)  for  pumps. 

However,  from  the  standpoint  of  the  operation  of  a  screw 
propeller,  as  a  propulsion  device,  its  external  characteristics 
play  the  main  part:  the  thrust  P  developed  by  it  and  the  power 
consumed  or  the  moment  M,  and  the  magnitude  of -the  flow  rate  Q, 
and  head  H  are  internal  characteristics  of  the  operation  of  the 
propeller.  Therefore,  in  screw  propellers  the  formulas  of  simi¬ 
larity  lead  to  the  following  expressions,  which  are  widely  used 
in  the  generalization  of  the  operation  of  shipboard  propulsion 
systems: 

P  =  /C.qDVi*;  (6.43) 

M  =  /C,GW,  .  (6,  44) 

from  which  we  obtain  the  dimensionless  thrust  coefficient 
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and  the  dimensionless  moment  coefficient 


M 


(6.46) 


The  corresponding  characteristics  of  the  screw  propeller, 
usually  called  the  effect  curves,  are  represented  in  Pig.  85. 


We  will  demonstrate  that  the 
dimensionless  characteristics  of 
the  effect  of  a  propulsion  system 
may  easily  lead  to  the  pump  char¬ 
acteristics  described  above. 

Let  us  take  the  axial  velo¬ 
city  vp  as  being  equal  to  the 
flow-rate  component  of  the  abso¬ 
lute  velocity  of  a  fluid  vz.  Then 


Fig.  85.  Effect  curves  of  a  „  4Q  __  iKo&n  4  „  ' 

screv:  propeller.  Vp~  nO=  ~  (6.47] 


V/e  will  substitute  the  expression  obtained  into  the  linear 
advance  formula  (6.4 2), 

“  =  (6. 48)-. 


We  will  assume  that  the  thrust  of  the  proneller  is  uni¬ 
formly  distributed  throughout  its  disk  /circle^.  Then,  in  ap¬ 
proximation, 

P  =  Y"  ~  =  KHn*D*.  (6.49)- 

Having  substituted  the  expression  obtained  into  the  thrust 
coefficient -formula  (6.45),  we  obtain 

*i=*T K»-  (6’50) 

The  pov;er  consumed  by  the  propeller  is  equal  to  the  product 
N  =  lid).  If  v:e  express  the  moment  M  via  the  moment  coefficient 
according  to  formula  (6.44),  then 

N  =  Kt-2nQn’D'.  (6.  51) 


On  the  other  hand,  this  pov;er  is 


where  pUmp  is  the  efficiency  of  the  pump. 


(6.52) 


In  this  expression  we  replace  the  quantities  Q  and  H  by 
the  coefficients  Kq  and  Kjj; 

*  =  “**«*"•  n’DI'  '  (6t53) 

17 e  equalize  expressions  (6.51)  and  (6. 53),  and  solve  the 
equality  obtained  relative  to  the  coefficient  !%>: 


g  KqKh 
2k  *■  IJ, 


(6,54) 


Formulas  (6.48),  (6.50),  and  (6.54)  give  us  the  opportunity 
to  make  the  transition  from  pump  characteristics  to  effect  curves 
of  a  propeller,  and  vice  versa.  E.E.  Papmel*  proposed  that  the 
effect  curves  of  a  series  of  screw  propellers,  differing  only 
in  the  relative  pitch  H/D,  be  combined  on  one  diagram.  Such  dia¬ 
grams  are  widely  used  in  designing.  In  essence,  they  are  univer¬ 
sal  characteristics  of  the  propellers,  which,  in  the  use  of  for¬ 
mulas  (6,48)  and  (6.50)  may  be  converted  to  ordinary  axial  coor¬ 
dinates  Kh-Kq,  i.e.,  to  universal  characteristics.  In  the  dia¬ 
gram,  families  of  curves  of  constant  value  of  the  relative  pitch 
of  the  propellers  H/D  are  given.  If  we  designate  the  blade 
angle  of  the  propeller  as  o<  ,  the  relative  pitch  is 


(6,55) 


and  this  determines  the  blade  angle.  In  universal  pump  char¬ 
acteristics,  this  corresponds  to  the  line  ^  =  const. 


Lines  of  equal  values  of  the  efficiency  of  a  sc  rev;  propel¬ 
ler  are  plotted  on  the  propeller  diagram,  and  the  magnitude  of 
this  efficiency  is  expressed,  via  the  dimensionless  coefficients, 
according  to  the  formula 

>-£■4-  '  <«.«> 

Having  replaced  the  magnitudes  of  the  dimensionless  coef¬ 
ficients  Ki  and  Kp  in  expression  (6.56)  by  their  values  /see 
formulas  (6.50)  and  (6.54 YJ ,  and  having  substituted  formulas 
(6.47),  (6.49),  and  (6.537,  after  reduction  we  obtain 

rip  =  V  (6,  57) 

In  Fig.  86,  a,  a  propeller  diagram  is  shown,  adapted  by  us 
from  a  book  by  A .11.  Basin  and  V.N.  Anfimov  foj ,  and  in  Fig.  86,  b, 
universal  pump  characteristics  converted  from  the  diagram  in 
Fig.  86,  a,  according  to  formulas  (6.48),  (6.50),  (6.55),  and 
(6.56).  ~ 

•  / 

We  must  stipulate  that  the  conclusions  obtained  refer  to 
the  operation  of  an  isolated  propeller  in  free  water,  i.e.,  the 
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Fig.  86.  Universal  (common)  characteristics  of  a~ 
screw  propeller:  a)  Propeller  diagram  /57;  b)  Re¬ 
sult  of  its  conversion  into  universal  pump  char¬ 
acteristics. 

reaction  of  the  propeller  with  the  ship's  hull  is  not  considered 
Section  3^.  Features  of  the  Testing  of  a  Full-Scale  Hater-Jet 


Tests  of  a  full-scale  water-jet  pump  must  be  conducted 
aboard  ship,  simultaneously  with  the  sea  trials  of  the  ship. 

In  this  case,  two  tasks  are  assigned: 

1.  Determine  the  real  characteristics  of  the  given  pump 
and  of  the  propulsion  system  as  a  whole. 

2.  Check  (or  determine)  the  magnitude  of  the  coefficients 
of  the  propulsion  system's  reaction  with  the  hull  and  the  effect 
of  this  reaction  on  the  operation  of  the  pump  and  propulsion 
system. 

The  methodology  of  the  measurement  of  these  quantities  in 
such  tests  has  certain  peculiarities. 

The  measurement  of  the  flow  rate  may  be  accomplished  by 
measuring  the  mean  velocity  in  some  section  (preferably  the 
outlets)  of  the  water- jet  duct.  In  practice,  a  method  of  meas¬ 
uring  the  mean  velocity  by  means  of  the  so-called  measuring 
cross  has  justified  Itself. 

The  idea  of  combining  several  velocity  tubes  was  proposed 
in  1957  by  L.V.  Zhavoronkov.  The  Instrument  (Pig.  87)  is  a 
cross  made  of  plates  1,  the  dimensions  of  which  are  selected 
from  the  ratios:  thickness  b#  0.01D,  viidth  3ss  (0.1-0.15)D, 
v/here  D  Is  the  diameter  of  the  pipe  at  the  place  where  the 
cross  is  Installed.  A  system  of  holes  5  is  located  in  the  curved 


edge  side  of  the  plates,  turned  to  meet  the  flow.  The  radii 
r^  at  which  these  holes  are  made  are  determined  by  the  formula 


A- A 


.  A  V  8  ’  8  •  8  ’ 


8  *  8 


(6.58) 


This  corresponds  to  the  posi¬ 
tion  of  the  holes  at  the  centers 
of  gravity  of  the  rings  dividing 
the  entire  area  of  the  circle  into 
four  equal  parts .  The  diameter  of 
the  holes  d  0.3  b. 


A  second  system  of  holes  k 
is  located  in  the  side  walls  of 
the  plates,  at  the  same  radii  r« 
at  a  distance  3  b  from  the  front 
edge  surface. 


Pig.  87.  Measuring  cross,  a) 
Direction  of  flow. 


Along  the  second  edge  surface 
of  the  plates  _  the  rear  edge  with 
respect  to  the  flow  —  two  cross¬ 
shaped  collectors  2  made  of  tubes 
are  placed,  with  one  of  which  all 
the  edge  holes  5  communicate,  and 
the  side  holes  4  with  the  other. 


The  collectors  have  outlets  3 

communicating  with  the  appropriate  differential  monometers. 


The  edge  hole  acts  as  a  pickup  for  the  total  head,  and  the 
side  holes  act  as  pickups  for  only  the  static  part  of  the  head. 
The  difference  between  these  magnitudes,  as  in  an  ordinary  velo¬ 
city  tube,  gives  us  the  opportunity  to  determine  the  mean  velo¬ 
city  _ 

-  ,  v--v- 


■'cp 


Y» 


(6,59) 


where  Ahscr  is  the  difference  in  the  differential  mercury  manom¬ 
eter. 


The  measuring  cross  makes  it  possible  to  measure  the  aver¬ 
age  magnitudes  of  pressure  and  the  axial  velocity  component 
throughout  the  area,  and,  with  respect  to  the  latter  quantity, 
the  flow  rate  of  the  fluid  through  the  measuring  section  of  the 
pipe.  Apparently,  in  full-scale  tests  of  water- jet  propulsion 
systems,  this  method  is  the  only  one  that  can  be  accomplished 
in  practice. 

In  a  homogeneous  velocity  field  in  the  section  where  the 
measuring  cross  is  installed,  its  readings  precisely  correspond 


to  the  average  magnitudes.  Uith  a  growth  of  heterogeneity  of 
the  field,  errors  in  such  measurements  may  appear  and  increase. 

The  presence  of  collectors  provides  for  automatic  averaging  of 
the  readings  of  all  the  sixteen  tubes  led  to  them,  which  corre¬ 
sponds  to  numerical  integration  at  equal  intervals. 

Prom  an  analysis  of  the  errors  it  follows  that  measure¬ 
ment  by  the  measuring  cross  in  a  heterogeneous  flow  gives  an 
exaggerated  value  of  the  average  velocity  and  also,  this  means, 
an  exaggerated  value  of  the  flow  rate.  Judging  by  experimental 
data,  in  the  installation  of  a  measuring  cross  in  water-jet 
propulsion  systems,  beyond  a  return-circuit  rig  that  operates 
well,  the  error  of  measurement  is  close  to  zero. 

The  application  of  a  measuring  cross  is  the  only  practi¬ 
cal  method  at  the  present  time  for  measuring  the  flow  rate  in 
full-scale  tests  of  water  Jets.  The  measuring  cross  is  distin¬ 
guished  for  two  very  essential  advantages: 

—  it  does  not  require  much  space  and  may  be  installed  with¬ 
out  changing  the  water- Jet  duct; 

—  it  makes  it  possible  to  get  along  with  one  measurement, 
which  considerably  reduces  the  time  necessary  for  maintenance 
of  a  constant  operating  regime  of  the  propulsion  system.  An 
analysis  of  the  possible  error  demonstrates  that  the  metrologi¬ 
cal  value  of  the  cross  must  be  determined  by  the  appropriate 
calibration. 

A  diagram  of  hydraulic  measurements  in  sea  trials  of  a  full- 
scale  water-jet  propulsion  system  is  given  in  Fig.  88. 

Before  the  blading  system  of  the  pump  and  behind  it,  around 
the  periphery  of  the  water-jet  pipe,  6  to  8  holes  are  made,  in 
which  connecting  pipes  are  installed.  In  each  section,  all  6-8 
connecting  pipes  are  connected  with  a  common  annular  collector, 
which,  in  turn,  is  connected  with  an  appropriate  manometer. 

A  more  accurate  magnitude  of  the  average  pressure  throughout 
the  section  oay  be  obtained  by  measurement  with  measuring  crosses 
having  only  one  system  of  lateral  holes,  that  is,  static  holes. 

The  presence  of  glass  T-pieces  and  settling  tanks  in  the 
circuit  is  quite  necessary  in  real  conditions  of  sea  trials. 

The  tanks  protect  the  manometers  against  small  sand  particles 
suspended  in  the  sea  water  that  might  otherwise  get  into  them, 
especially  when  navigating  in  shallow  water,  and  the  transparent 
T-pieces  make  It  possible  to  control  the  lack  of  air  in  the  manom¬ 
eter  lines.  In  practice,  it  is  more  convenient  to  accomplish  the 
flooding  of  the  system  from  a  special  tank  of  pure  water,  in¬ 
stalled  above  the  manometer  panel,  ’.fe  will  note  that  the  absence 
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Pig.  88.  Diagram  of  hydraulic  measurements  in  sea- 
trials  of  a  full-scale  water  jet.  1),  2),  3),  and 
*0  Mercury  differential  manometers;  5)  Cock  for 
letting  air  in  and  out;  6)  Glass  T-Piece;  7)  Set¬ 
tling  tank;  8)  Rudder  plate;  8)  Measuring  cross  for 
measuring  flow  rate;  10)  Pressure-head  duct  of  the 
viater  Jet;  IT)  and  14)  Cross  or  collector  for  meas¬ 
uring  average  pressure;  12)  Return-circuit  rig; 

13)  Rotor  wheel;  15)  Bearing  support;  16)  Protective 
lattice. 

of  air  in  all  pipes  is  an  indispensible  condition  of  the  cor¬ 
rect  determination  of  the  pressures,  especially  in  those  cases 
when  the  manometers  are  located  above  the  places  where  they  are 
connected . 

Hooking  up  the  manometers  in  accordance  with  the  diagram 
in  Fig.  88  gives  us  the  opportunity  to  measure: 

—  the  average  power  before  the  pump; 

—  the  same,  behind  the  pump  and  at  the  outlet  end  of  the 
water-jet  duct; 

—  the  average  velocity  an<3,  flow  rate  in  the  pipe. 

All  this  makes  it  possible  to  determine  power  losses  in  the 


water-jet  pipe,  the  heed  and  flovi  rate  of  the  pump,  and  the  magni¬ 
tude  of  the  exhaust  velocity  of  the  water-jet  propulsion  system. 

In  parallel  with  the  hydraulic  measurements,  measurements 
of  the  power  expended  are  performed  either  by  the  torsion  method, 
or  by  measuring  the  flow  rate  of  the  fuel  (when  using  a  diesel 
drive) .  If  we  know  this  power,  we  may  calculate  the  magnitude 
of  the  efficiency  of  the  pump. 


In  sea  trials  it  is  very  important  to  determine  the  real 
magnitudes  of  the  reaction  coefficients  of  the  propulsion  system 
with  the  ship"s  hull  (see  Chapter  7).  VJith  respect  go  the  magni¬ 
tudes  of  the  re::haust  velocity  of  the  water  jet  and  the  speed  of 
the  ship,  we  .nay  determine  the  reaction  coefficient  with  respect 
to  the  momentum,  the  magnitude  of  which  may  be  calculated  accord¬ 
ing  to  the  formula 


dQvtux  —  (R  -j-  Z) 
cQ»t 


(6,60) 


where  R  is  the  resistance  of  the  water  to  the  motion  of  the  hull; 
and  Z  is  the  strain  on  the  hook  (for  a  tug). 


\Je  v;ill  mote  that  in  ordinary  tests  without  special  investi¬ 
gations  of  the  pressure  distribution  throughout  the  underwater 
part  of  the  hell,  we  cannot  determine  the  real  magnitude  of  the 
resistance  of  the  water  to  the  motion  of  the  hull.  Apparently, 

It  is  entirely  adequate  to  determine  the  quantity  R  with  re¬ 
spect  to  the  resistance  curve  obtained  during  towing  tests.  In 
this  case,  the  calculation  of  the  motive  power  of  the  water  jet 
and  the  determination  of  the  coefficient  ot  according  to  formula 
(6.60)  will  be  performed  with  an  equal  degree  of  error,  which 
provides  for  tthe  correct  calculation  of  the  speed  of  the  hull 
in  the  designing  of  a  water-jet  propulsion  system  which  is  of 
•the  same  type  as  the  ship  being  tested . 


In  accordance  with  the  scheme  described.  It  is  impossible 
to  determine  Sthe  second  reaction  coefficient  /?  .  However,  as  yet 
there  Is  no  gsierally  accepted  methodology  for  its  experimental 
determination,  and  therefore  as  a  palliative  we  may  propose  a 
method  based  an  the  physical  sense  of  the  last  term  In  the  for¬ 
mula  for  the  Ihead  of  a  water-jet  propulsion  system  (7.18).  In 
the  ship  being  tested.  It  is  necessary  to  remove  the  water- jet 
pump,  and  to  Install  a  measuring  cross  in  its  place.  Then  we 
perform  towing  tests  at  speeds  equal  to  the  expected  speeds  of 
the  ship  being  tested. 


In  this  cease  the  magnitudes  of  the  total  energy  Rin,  meas¬ 
ured  by  means  of  a  measuring  cross,  will  In  the  first  approxi¬ 
mation  be  equal  to  the  last  term  of  equation  (7.18),  from  whence 
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p= 


= 

6 


(6,61) 


The  precise  solution  may  be  obtained  directly  from  the  head 
formula  (7.18)  if  the  magnitude  of  the  coefficient  K  is  knovrn. 


Then 


4 


(6,62) 


Here  the  quantity  veXh  is  measured  by  the  measuring  cross; 
the  value  of  H  is  determined  by  measuring  the  pressure  differ¬ 
ence  before  the  Dump  and  behind  it,  and  is  calculated  according 
to  formula  (6.10),  and  Vq  is  determined  independently  by  means 
of  a  rotator  pushed  aheaa,  or  by  means  of  running  a  measured 
mile  during  the  sea  trials.  The  quantity  K  depends  upon  speed 
and  may  be  determined  experimentally. 
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Chapter  7 

OPTIMUM  PARAMETERS  OP  A  WATER- JET  PUMP 
Section  35.  The  Motive  Force  of  a  Water  Jet 

The  problem  of  the  magnitude  of  the  motive  force  of  a  water- 
jet  propulsion  system  (propelling  agent)  was  solved  for  the  first 
time  by  N.Ye.  Zhukovskiy  /30,  31/  as  early  as  1908.  The  formula 
obtained  by  him  is  the  basic  one  in  the  theory  of  the  water-jet 
prooelling  agent  and  up  to  the  present  time  has  been  used  prac¬ 
tically  unchanged.  Vie  will  explain  its  derivation  briefly. 

N.Ye.  Zhukovskiy  considered  a  case  of  a  flow  of  fluid  from 
a  vessel,  which  corresponds  to  the  operating  conditions  of  a 
rocket  engine,  i.e.,  to  the  condition  that  the  fluid  is  entirely 
expelled  from  the  internal  capacity  of  the  vessel,  and  obtained 
a  formula  for  the  reactive  effect  of  a  Jet  upon  condition  that 
the  vessel  is  not  moving 

R  =  mo,  (7, 1) 

where  m  is  the  per-second  mass  of  the  outflowing  fluids;  and 
v  is  tKe  velocity  of  the  fluid  relative  to  the  vessel  from  which 
Tt  is  flowing. 

Here  it  has  been  demonstrated  that  if  the  vessel  moves 
relative  to  the  fluid  surrounding  it,  or  the  latter  relative 
to  a  fixed  vessel,  and  the  fluid  discharged  by  the  Jet  is  con¬ 
tinuously  collected  from  the  surrounding  space,  formula  (7.1) 
takes  the  form 


R  —  m  (v  —  tt),  '  "  (7.  2) 

where  u  is  the  speed  of  the  motion  of  the  vessel  relative  to  the 
fluid  surrounding  it. 

N.Ye.  Zhukovskiy  demonstrated  that  this  formula,  which  had 


been  used  until  his  time  by  all  researchers,  was  incorrect, 
since  it  does  not  reflect  the  changes  in  the  resistance  of  the 
water  to  the  motion  of  a  ship,  i.e.,  the  reaction  of  the  pro¬ 
pelling  agent  with  the  hull,  or,  as  Zhukovskiy  wrote:  "..the 
weakening  in  the  resistance  of  a  ship  to  its  motion,  which  oc¬ 
curs  because  of  the  suction  effect  of  the  fluid"  (/[31 7#  P»  24). 

In  order  to  find  the  magnitude  of  the  total  motive  force, 
N.Ye.  Zhukovskiy  considered  a  diagram  of  a  submarine,  as  repre¬ 
sented  in  Pig.  89.  The  boat  is  covered  by  the  control  surface 
ACCA  so  that  section  AA  and  CC  are  arranged  far  ahead  of  the 
boat  and  behind  it  and  the  velocities  throughout  these  sections 
are  equal  to  the  relative  velocity  at  infinity  u;  in  this  case, 
the  cylindrical  surface  including  the  boat  is  drawn  along  the 
flow  lines.  Hie  pressures  £  and  p*  along  the  surfaces  AA  and  CC 
are  equal  to  each  other.  Following  N.Ye.  Zhukovskiy,  we  will 
apply  the  theorem  of  kinetic  energy  to  the  liquid  mass  enclosed 
in  the  volume  AACC. 


:  a  c 


Pig.  89.  N.Ye.  Zhukovskiy's  diagram  for  deriva¬ 
tion  of  the  equation  of  total  motive  force  /for¬ 
mula  (7.9}7* 

The  sum  of  the  elementary  operations  Is 

Tdt—  Fudt -  ^~u)t  dt  =  0,  (7, 3) 

from  whence  -  '  ■  ,  «(*-«)*  > - 

J=ru  + - .  (7,4) 

For  the  mass  of  fluid  filling  the  pipelines, 

*=■  tf-p’)dt+.Tdt  =  2g--?!£,  (7.5) 

where  p"  and  p,n  are  the  hydrodynamic  pressures  at  points  £ 
and  x;  and  £  and  v  are  the  velocities  of  the  fluid  at  these 
poinTs. 

Prom  the  Bernoulli  equation  for  Jets  a£  and  bd  (point  d  is 


close  to  the  place  there  the  Jet  Is  discharged) 

_l  “I  =  £_  i 

v  T2f  y  "r  2f 

P  ..  «*  P*  .  w*  * 

Y  r  2*  Y  +  3* 


(7.6) 


where  w  Is  the  velocity  of  the  fluid  on  the  surface  of  the  boat 
at  point  d.  It  Is  apparent  that  w<  u. 


Prom  formulas  (7.5)  and  (7.6) 

<r>  mo *  mw* 

T=~2 - 2~;  (7.7) 

Having  substituted  this  expression  Into  formula  (7.4).  we 

find 

•  +  (7>8) 

«<»— «)  +  Tr(>— S)“f-  ...  P.9) 

The  left-hand  part  of  this  equation  Is  also  the  total 
motive  force. 


Formula  (7.9)  demonstrates  that  the  motive  force  of  a  water 
Jet,  operating  in  real  conditions,  is  greater  than  the  magnitude 
of  the  reaction  according  to  formula  (7.2).  If  the  velocity  of 
the  accompanying  flow  w  at  the  outlet  point  of  the  Jet  is  equal 
to  u,  then  formula  (7/9)  is  transformed  into  formula  (7.2). 


Equation  (7.9) »  obtained  by  H.Ye.  Zhukovskiy,  may  be  repre¬ 
sented  in  the  form 


or,  when 
In  the  form 


F  =  m  [n-B("r  +  5r)]» 


1  .  0s 
°  =  T+V’ 


(7.10) 

(7.11) 


F  =  m  (o  —  au). 


(7.12) 


where  the  quantity  a  reflects  the  effect  of  the  velocity  of  the 
accompanying  flow  w  at  the  location  of  the  outlet  of  the  water- 
jet  stream. 


Vie  will  make  the  transition  to  .the  symbols  used  by  us  in 
this  book.  In  this  case,  formula  (7.12)  takes  the  form 

p,  =  Q Q  (v,M  —  ay0),  (7,  13) 
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since  the  per-second  mass  transfer  m  =^Q 


Here  vq  is  the  speed  of  the  ship  relative  to  the  water; 
vexh  is  the  mean  velocity  of  the  fluid  in  the  exhaust  opening 
of  the  water  jet,  relative  to  the  hull.  In  such  a  form,  without 
proof,  formula  (7.13)  was  proposed  In  1953  hy  Professor  I.M. 
Konovalov  /Iff/  • 

Formula  (7.13)  for  determination  of  the  motive  force  of  a 
water-jet  complex,  may  also  be  obtained  if  we  apply  the  concept 
of  the  accompanying  flow  coefficient.  In  the  theory  of  the  reac¬ 
tion  of  a  screw  propeller  with  a  ship's  hull  /57  it  is  assumed 
that 

op  =  v  (1  —  if),  (7,  14) 

where  vp  is  the  rated  velocity  of  the  motion  of  a  screw  propeller 
behind  a  ship|s  hull,  i.e.,  the  velocity  of  the  motion  of  the 
hydraulic  section  of  the  propelling  agent.  Consequently,  for  a 
water-jet  propelling  agent  vp  is  the  velocity  of  the  motion  of 
the  water-jet  exhaust  opening;  and  is  the  mean  value  of  the 
effective  accompanying  flow  coefficient,  in  the  propeller  circle. 
According  to  the  symbols  of  II .Ye .  Zhukovskiy,  vp  =  w. 


We  will  substitute  this  expression  into  formula  (7.10). 
After  elementary  transformations  and  replacement  of  the  symbols 
by  the  ones  accepted  in  this  book,  vfe  obtain 


P*=HQ  [o.m-Po  • 

From  this  it  follows  that 

-  l  +  O-W ' 

~2  :* 


(7. 15) 

(7. 16) 


Here  is  the  average  value  of  the  accompanying  flow  coef¬ 
ficient  at  the  location  of  the  water-jet  exhaust  opening.  For¬ 
mula  (7.16)  would  be  valid  if  a  flow  with  a  velocity  vq  entered 
the  suction  intake  of  the  water  jet,  i.e.,  if  there  were  no  ac¬ 
companying  flow  at  this  point.  However,  in  reality  a  flow  whose 
average  velocity  is  less  than  the  velocity  vo  enters  the  suction 
intake.  The  water-jet  sucks  in  part  of  the  boundary  layer  of  the 
flovi  passing  around  the  ship's  hull,  which,  generally  speaking, 
increases  the  thrust  of  the  propelling  agent  and  reduces  the 
resistance  of  the  hull. 


The  real  value  of  the  coefficient  «  differs  from  that  given 
by  formula  (7.16).  Besides,  the  quantity  for  a  given  ship  is 
a  function  of  Its  speed.  Therefore,  the  value  of  (X  (orf)  may 
be  determined  only  experimentally  (see  Section  3*0. 
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Section  36.  Basic  Formulas 


The  head  of  the  pump  is  determined  by  the  head  of  its  ex¬ 
ternal  circuit.  The  latter  is  composed  of  the  energy  of  the 
water  Jet,  i.e.,  v|xh /2S>  the  sum  of  hydraulic  losses  in  the 

water-jet  duct  where££  is  the  sum  of  the  coeffi¬ 

cients  of  the  losses  referred  to  the  exhaust  velocity  of  the  water 
and  the  heigjht  h-jet  of  lift  of  the  center  of  gravity  of  the  Jet 
(or  part  of  it(  above  the  water  line.  Consequently, 

tf«  =  %(l  +  2S)+/»c=>%  +  ^  (7.17) 

3  k  ~  ^moored.  =  Hmoored  regime/i.e.,  while  ship  is  moored  to  dock/i 

hc  -  hjet^7 

However,  the  head  components  are  like  this  only  aboard  a 
ship  that  is  not  moving,  i.e.,  when  it  is  moored  to  the  dock 
/in  dock  trials/.  If  the  ship  is  moving,  the  intake  opening  of 
the  water-jet  pipe  operates  like  an  intake  nozzle  and  takes  up 
energy’ relative  to  the  motion  of  the  water,  the  total  magnitude 
of  which  is  determined  by  the  ratio  v§/2g. 

Usually  the  intake  opening  of  a  water-jet  pipe  is  located 
near  the  stern.  Here,  at  the  surface  of  the  hull,  there  is  al¬ 
ways  an  accompanying  flow,  and  consequently  the  mean  velocities 
of  the  via  ter  entering  the  water- Jet  pipe  will  differ  from  vq, 
which  is  considered  by  the  introduction  of  a  coefficient  for 
the  reaction  of  the  propelling  agent  with  the  hull,/?  .  The  energy 
entering  the  water-jet  duct  is  estimated  by  the  equantity  - 

p~$e' 

The  magnitude  of  the  head  of  the  pump  H  in  the  motion  of 
the  ship  will  be  less  than  the  magnitude  of  Hmoored  and  may 
determined  from  the  formula 

ff  =  /C%-  +  Ae-Pl|-  <7’18> 

We  should  note  that  the  value  of  the  resistance  factor  of 
the  intake  opening  of  the  water-jet  pipe  is  essentially  a  func¬ 
tion  of  the  speed  of  the  ship;  its  minimum  magnitude  will  occur 
when  vq  =  0.  With  correct  designing  of  the  shape  of  the  intake 
section  of  the  water-jet  pipe,  the  minimum  value  of  will  be 
obtained  at  the  calculated  speed.  For  example,  in  the  water  Jet 
given  in  the  diagram  in  Fig.  88,  when  vq  =  0,  =  0.1^7,  and 

at  the  calculated  speed  £  in  =  0.07.  Consequently,  the  coeffi¬ 
cient  is  also  a  function  of*  vq  (for  determination  of  the  magni¬ 
tude  of^B,  see  Section  34). 

Expression  (7.18)  is  the  equation  of  energy  of  the  flow  pass- 
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Ing  through  the  water- jet  pump. 

The  law  of  continuity  may  be  written  by  the  formula 


The  power  consumed  by  the  pump  (in  kg-m)  is 

f- P.20) 

The  motive  force  of  a  water-jet  propelling  agent  /accord¬ 
ing  to  equation  (V.  13)7  ls 

P'  =  cQ  (»,«*  —  o»o). 

The  condition  of  steady-state  motion  of  the  ship  is  deter¬ 
mined  by  the  equality 

P,=  R,  '■  (7,21) 

where  R  is  the  resistance  of  the  water* to  the  motion  of  the  hull. 
The  quantity  Pe  at  a  speed  differing  but  little  from  the  calcu¬ 
lated  speed  may  be  represented  by  the  dependence 

P,  =  /?  =  ao5.  [(7,22) 

where  a  Is  a  certain  quantity,  constant  for  each  given  ship. 

The  efficiency  of  a  water-jet  propelling  agent  may  be  repre¬ 
sented  by  the  product 


n  =  »le*iL.  (7.23) 

where  ^ jet  is  the  efficiency  of  the  jet,  and  'typuno  is  the  effi¬ 
ciency  of  the  water- Jet  pump.  The  first  characterizes  the  degree 
of  perfection  of  the  transformation  of  the  kinetic  energy  of  the 
water  jet  into  energy  of  the  motion  of  the  ships  hull. 

Section  37.  tfexlraim  Jet  Efficiency  of  a  -‘Ja ter- Jet  Propelling 
Agent 

In  order  to  have  a  positive  value  of  the  motive  force  of  a 
water  Jet  (7.13) »  it  is  necessary  that  the  inequality  veXh  >  vo 
occur.  Ue  will  designate 

v.u ■  -**>•;  Q  =  f->l.  (7.24) 

Vie  will  express  the  quantity  via  Vq  in  the  basic  equa¬ 

tions.  Then  formula  (7.18),  with  a  consideration  of  expression 
(7.23),  takes  the  form 


1 
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H  =  K^-  +  h  c-p4-  (7,25) 

For  simplification  of  the  subsequent  transformations  vre 
will  assume  that  hjet  =  0.  The  error  of  such  an  assumption  is 
quite  small  for  modern  water  jets  with  a  discharge  that  is 
partially  underwater,  and  usually  is  inversely  proportional 
to  the  speed,  i.e.,  the  greater  vq  is,  the  smaller  the  error 
is,  and  consequently,  also  the  smaller  that  H  is.  For  example, 
in  a  slow-speed  cargo  vessel  the  head  of  the  pump  H*a*2.5  mj 
in  this  case  hjet^O.l  m  and  hjet/H*100£  «  4#. 


We  will  assume  that 


P).  (7,26) 


After  the  same  substitution  in  formulas  (7.13),  with  a 
consideration  of  equality  (7.22),  we  obtain 


from  whence 


Pt-  cQ»o(?  —  a)  =  aoS, 

Q 


Qfa  —  a) 


(7,27) 


(7.28) 


From  the  power  expression  (7.20),  with  a  consideration  of 
formulas  (7.26)  and  (7.28),  we  find 


CN  Vi-  Y/tf-P 
•  =  - v°—2j — 

From  fornwla  (7.29)  we  determine 


=  Oo- 


>(*g*-p) 


2gQ(i  —  a) 


Zr3-  (7.29) 


■j* _  ^»nH-2gc(g-q)  _  aVptj,  q- a 


ya(Kq'-p) 


We  will  designate 


Then-  -  - 


q~a 


W~- :T==L  — 

V=  (2^,tu)^TTLT 


Kq'  —  b  '•  (7 » 30) 

(7.31) 
(7,32) 


We  will  demonstrate  that  the  quantity  L  has  a  definite 
physical  sense.  We  will  substitute  expression  (7.32)  into  for¬ 
mula  (7.22): 

^  1  1  ’ 

P,  =  avl  =  a  (2N  ,ri»)  *  a  *L*.  (7,33) 


According  to  the  definition,  the  efficiency  of  the  propell¬ 
ing  agent  is 

T-.  '  '  <?•**) 

We  will  replace  the  quantities  v0  and  Pe  hy  their  values 
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from  formulas  (7.32)  and  (7.33).  After  simple  transformations 
we  obtain 

H  = 


(7.35) 


from  whence^  in  accordance  with  dependence  (7.23)* 

'  "  2i-24Sqr  ‘V 

\Je  find  the  value  of  the  quantity  q,  at  which  the  Jet  ef¬ 
ficiency  ^jet  have  its  maximum  value.  For  this,  v;e  differen¬ 

tiate  expression  (7.35)  and  reduce  what  we  obtain  to  zero,  i.e., 

•  »Q  • 


d  /  q- a  \  Kq'-l-{q-a).iKq  ' 

dq\Kqt-p)  (Kq1  —  P)*  '  (7,36) 


Having  reduced  the  numerator  of  expression  (7.36)  to  zero, 
after  some  simple  transformations  we  obtain 

qt-2aq  +  ±=0.  (7.37) 

from  whence  the  optimum  value  of  the  parameter  qont  /see  formula 
(7.24)7  is  P 


7oor  =  o.±  j/a*  —  A 


(7.38) 


The  magnitudes  of  the  coefficients  et  and  P  are  less  than 
one,  but  close  to  itj  the  quantity  K  is  greater  than  one,  but 
also  close  to  it.  If  formula  (7.38)  is  written  with  a  minus  sign 
then  we  obtain  q  <  <*  or  q  <1;  according  to  condition.  (7.24) 
this  leads  to  a  negative  magnitude  of  Pe,  which  does  not  make 
sense.  Therefore,  only  the  plus  sign  may  be  placed  in  formula 
(7 -38)  before  the  radical: 


(7.39) 


The  valoe  of  qopt  found  corresponds  to  the  condition  for 
the  provision  of  (^jet)max,  if  w<°- 

After  a  series  of  transformations  we  may  obtain 


i.e.,  actually,  formula  (7.39)  reflects  the  conditions  for  the 
provision  of  (^Jet)max* 

Having  substituted  expression  (7.39)  into  formula  (7.35), 
we  find 


(*lc)nux  — 


2  ' 

*1 

/°*"x) 

f-P 

(7,40) 


or,  finally. 


*(]/  a’--!-  +aJ  Kqoar  ’  . ' 


(7.41) 


Formula  (7.39)  gives  us  the  opportunity  to  select  such  a 
magnitude  of  the  mean  velocity  of  the  water  in  the  exhaust  sec¬ 
tion  of  the  water-jet  pipe,  at  a  given  calculated  value  of  the 
speed  of  the  ship  being  designed,  which  will  provide  the  maxi¬ 
mum  value  of  the  jet  efficiency  calculated  according  to  formula 
(7.4l).  However,  according  to  formula  (7.23),  the  efficiency  of 
the  entire  propelling  agent  will  be  its  maximum  only  in  a  case 
iv’hen  both  the  jet  and  the  pump  have  their  maximum  efficiencies 
simultaneously.  The  methodology  of  selecting  the  geometrical 
parameters  of  the  pump  given  in  Chapter  4  makes  it  possible  to 
obtain  the  maximum  value  of*7pUmp>  when  designing  a  pump,  at 
the  calculated  values  of  the  basic  parameters  H  and  Q,  and  thus 
providing  for  obtaining  the  maximum  efficiency  of  the  propelling 
agent. 


In  the  use  of  type  pumps  as  the  power  plants  for  a  water- 
jet  propelling  agent,  we  do  not  always  succeed  in  providing 
both  (<77jet)mar  snd  (/7pump)max  simultaneously.  In  this  case,  ob¬ 
viously,  we  should  seek  such  a  ratio  of  the  exhaust  diameter  of 
the  water  jet,  and  consequently  of  the  magnitudes  of  a,  vexh, 
and  the  pump  parameters  Q,  H,  and  n,  at  which  the  product 
^1et*^Pur‘P  *>e  the  raximum.  An  Investigation  of  these  pro¬ 

pelling  agents  (basically  in  slow-speed  ships  and  tugs)  has 
demonstrated  that  the  rated  magnitude  may  be  selected  prelimi¬ 
narily,  according  to  the  dependence 

,  qp  =  (1,1 +  1,2)  q0„.  (7.42) 

Z?p  =  9rat  =  Orated  (for  calculation).^ 

Section  33.  Optimum  Value  of  the  Specific  Speed  of  a  Hater-Jet 
Pump 


In  order  to  select  the  pump  for  the  water-jet  propelling 
agent  being  designed  correctly,  vie  must  preliminarily  determine 
the  type  of  this  pump.  If  vie  select  a  pump  of  slower  operating 
speed  than  the  operating  conditions  of  the  propelling  agent 
require,  the  diameter  of  the  rotor  wheel  will  exceed  the  dimen¬ 
sions  of  the  intake  opening  of  the  water  Jet,  and  the  pressure 
duct  must  be  made  in  the  form  of  a  contraction  nozzle.  In  this 
case,  the  overall  dimensions  and  weight  of  the  propelling  agent 


/ 
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will  also  be  increased.  If  the  purr.p  is  to  have  an  operating 
speed  that  is  higher  than  what  is  required,  the  overall  dimen¬ 
sions  of  its  wheel  will  be  smaller  than  the  dimensions  of  the 
intake  diameter;  in  this  case,  the  pressure-head  duct  will  have 
the  shape  of  a  diffuser.  The  latter  causes  an  increase  in  the 
hudraulic  losses  in  the  water- jet  channel.  Besides,  this  may 
lead  to  a  less  stable  form  of  the  water  Jet  and  increase  the 
heterogeneity  of  the  velocities  in  it.  Both  factors  lead  to  a 
decrease  in  the  efficiency  of  the  propelling  agent. 


We  will  demonstrate  how  the  magnitude  of  the  specific  speed 
of  the  pump  ns  providing  for  obtaining  the  maximum  efficiency 
of  the  water  jet  may  be  determined  at  tcnown  magnitudes  of  the 
coefficients  ot, ,  and  K.  The  specific  speed  is  determined  in 
accordance  with  the  formula 


3,65n/Q 

'  H* 


(7.43) 


The  connection  between  the  coefficients  it,  fi,  K,  a,  and 
the  speed  of  the  ship  vq,  and  the  head  and  flow  rate  oT  the 
pump,  is  expressed  by  formulas  (7.2 6)  and  (7.27): 

H  =  (Kq'-n'£"*Q  = 


6  (?-<*)  #* 


Having  stituted  these  expressions  into  formula  (7.43) >  we 
obtain  s  i 


n.= 


3,65  (2g)i 


na 4 


(f  —  a)  *  (AV-p)4C 


3  1 

,T 


(7.44) 


We  will  designate 
A  = 


3.65(2 g)* 


I  I  3_ 

c*  (q-a)2  W-p)4 


3,36 


J_  * 

(* -a)2  (*V-»4 


(7.45) 


Then 


n,  =  A 


na 


(7.46) 


Here  A  is  a  function  of  the  reaction  coefficients  o(  and  /? 
and  the  quantities  q  and  K  only.  For  the  ship  being  designed, 
at  the  magnitude  of  the  speed  close  to  the  given  rated  speed, 
the  quantity  A  has  a  constant  value.  The  quantities  &  ,/}  ,  and 
K  for  ships  of  the  same  class,  at  the  rated  speed,  in  general, 
vary  only  insignificantly,  and  consequently  for  them  A  const 
is  also  valid.  For  example,  when  0.95;  fi  &  0.35-0.90;  K& 
1-1.2,  and  q  1.4-1. 6,  the  quantity  A  ■**  2. 3-4. 3.  In  other 
words. 


/».  =  (  2,3-=-4,3)fci^. 


(7.47) 
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which'  may  be  assumed  for  low-speed  ships  as  the  zero  approxima¬ 
tion,  if  the  coefficients  mentioned  are  unknown  • 

A  lower  value  of  the  coefficients  in  formula  (7.^7)  corre¬ 
sponds  to  better  conditions  for  the  intake  to  the  water-jet 
pipe,  and  greater  values  correspond  to  worse  conditions.  Be¬ 
sides,  this  coefficient  will  be  higher  if  the  values  of  K  and 
q  =  vexh/vO  are  higher,  i.e.,  the  greater  the  magnitudes  of 
the  hydraulic  power  losses  in  the  water-jet  pipe  and  the  power 
losses  in  the  Jet,  with  velocities  of  axial  origin.  An  increase 
in  power  losses  requires  the  application  of  a  pump  of  lot;er 
operating  speed,  which  must  create  a  relatively  higher  head  to 
compensate  the  increased  power  losses. 

Section  39.  Selection  of  the  Pump  and  Determination  of  the  Param¬ 
eters  of  the  V’a ter- Jet  Propelling  Agent  from  its 
Chars cteris tics 


A  review  of  all  types  of  calculations  used  in  the  designing 
of  water- Jet  propelling  agents  is  not  part  of  the  purpose  of  this 
book.  Let  us  consider  only  one  case  as  an  example.  The  following 
factors  are  known:  rated  speed  vq;  dependence  of  resistance  of 
the  hull  upon  speed  R(vo)j  rated  magnitude  of  motive  force  Pe; 
capacity  of  main  engine  Ne>  and  possible  speeds  of  revolution  n. 
It  is  assumed  that  the  hull  being  designed  has  been  subjected 
to  model  tests  and  that  either  in  these  tests  or  from  the  re¬ 
sults  of  trials  of  a  ship  similar  to  the  one  being  designed  the 
values  of  the  coefficients  c( ,  fi  ,  and  K  may  be  assumed  in  the 
first  approximation. 

When  q  =  qrat  or  a  =  qopt,  we  may  determine  the  magnitude 
of  the  specific  speed  (ns)ra+-  according  to  formulas  ( 3 .45)  and 
(3.^5) ,  which  would  provide  ior  obtaining  the  maximum  efficiency 
of  the  propelling  agent.  If  we  do  not  succeed  in  selecting  a 
pump  in* which  the  required  magnitude  of  (ns)rat  coincides  with 
the  optimum  value  (ns)0pt>  then  we  may  select  a  pump  that  is 
closest  to  the  quantity  ns,  and  in  accordance  with  its  univer¬ 
sal  characteristics  select  an  operating  regime  at  the  maximum 
value  of  the  efficiency 7j  pump  along  the  line  ns  =  const. 

After  the  selection  of  a  type  pump,  we  should  refine  the 
initial  design  parameters  of  the  water  Jet.  The  propulsion  char¬ 
acteristics  of  the  propelling  agent  depends  .to  a  great  degree 
upon  the  correctness  of  the  selection  of  the  dimensions  of  the 
Intake  opening  for  the  water-jet  pipe.  We  will  refine  the  magni¬ 
tude  of  the  intake  velocity  upon  condition  of  full  consumption 
of  the  power  at  our  disposal. 

Prom  the  power  formula  (7.20),  if  it  is  expressed  in  horse¬ 
power,  we  obtain  the  assignment  coefficient 
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Having  substituted  this  expression  into  the  formula  for  the 
motive  force  (7.13),  we  obtain 

As  „  Pt 
H  e  (»*«  —  at».)  * 

or 

=  (7  49) 

We  will  equalize  the  right-hand  parts  of  the  tvio  head  equa¬ 
tions  —  (7.^9)  and  (7.18)  —  upon  condition  that  hiet  =  0,  and 
solve  this  equality  relative  to  v0ut*  After  transformations  we 
obtain 


QAv-2g 

KPg 


QAN-avt.2g 


—  JL  «o  =  0. 


(7.50) 


Only  one  root  of  this  equation  has  any  practical  sense: 


_  yA.v 


Iat\* 

P' )  -■ 


av0  +  ■ 


(7.5!) 


Only  the  known  quantities  assigned  are  contained  in  the 
right-hand  part  of  the  expression  obtained ,  and  consequently 
formula  (7.51)  determines  the  average  magnitude  of  the  exhaust 
velocity  very  well.  This  gives  us  the  opportunity,  from  expres¬ 
sion  (7.18),  to  obtain  the  value  of  the  head  of  the  pump,  and 
then,  according  to  the  magnitude  of  the  assignment  coefficient 
Am,  to  find  the  flow  rate  of  the  pump,  and  from  the  condition 
of  continuity  the  diameter  of  the  exhaust  section  of  the  water- 
jet  pipe 


The  quantity  veXh  obtained  with  such  a  method  of  calculation 
provides  for  the  full  use  of  the  given  capacity  of  the  engine  by 
the  pump.  However,  in  this  case,  the  propulsion  characteristics 
of  the  water  Jet  obtained  may  not  be  optimum.  The  propulsion 
efficiency  will  be  the  maximum  if  the  quantitv  veXh  and  conse¬ 
quently  also  q  correspond  to  conditions  (7.39)  and  (7.*i2).  Having 
substituted  tne  quantity  q,  obtained  as  a  result  of  the  calcula¬ 
tions  in  accordance  with  "£he  given  capacity,  and  the  value  of  q0pt 
according  to  formulas  (7.39)  and  (7.^2),  into  formula  (7.^1), 
we  may  compare  the  power  characteristics  of  the  propelling  agent 
being  calculated  with  the  maximum  possible  characteristics.  If 
the  result  obtained  does  not  satisfy  the  designer,  then  according 
to  the  formulas  given  he  may  determine  what  change  in  the  power 
consumed  should  be  made,  and  how  much  he  can  improve  the  effi¬ 
ciency  of  the  Jet,  and,  this  means,  also  that  of  the  propelling 
agent  as  a  whole.  The  final  selection  of  the  power  capacity  must 
be  solved  as  a  result  of  a  technical  and  economic  analysis  of 
possible  variations. 
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After  the  final  selection  of  the  power  capacity  lle,  the 
pump  parameters  Q  and  H,  and  the  exhaust  diameter  of  the  water- 
jet  propelling  agent  DeXh,  v;e  should  determine  the  most  advan¬ 
tageous  diameter  D  and  speed  of  revolution  n  of  the  rotor  wheel. 
The  selection  of  them  must  provide  for  the  Highest  pump  effi¬ 
ciency  ■»/ pUtnp  out  of  the  possible  efficiencies,  and  its  operation 
free  of  cavitation,  i.e.,  such  conditions  in  which 

^  (^i)yer*  (7,53) 

ZC^s),ftor7  -  0*s)perm=  (**s )permissible >  (Hs)ycT  =  (Hs)est  ~ 

=  (Hs) established^/ 

The  permissible  magnitude  of  the  suction  (HgJtjerm0^  a 
water-jet  puis?  is  determined  somewhat  differently  than  for 
ordinary  pumps  (see  Section  25). 

The  magnitude  of  the  excess  suction  head  of  an  ordinary 
pump  may  be  found  in  accordance  with  the  formula  obtained 
earlier 

—  ffd-ff,-hac.  (7,54) 


/$■ bc  ~*Vs  ~  ^suction^/ 

In  a  waiter-jet  pump,  the  flow  energy  before  the  wheel  in¬ 
creases  when  the  speed  of  the  shlp*s  hull  increases,  and  conse¬ 
quently  the  suction  before  the  wheel  also  increases.  If  we  deter¬ 
mine  the  quantity  .  »,fo_  as  the  total  additional  specific  power 

P  2* 

before  the  input  to  the  pump,  \fhich  it  obtained  as  a  consequence 
of  the  fact  that  the  hull  is  moving  relative  to  the  water,  the 
excess  suction  head  may  be  written  in  the  form 

(#.)*>  tt  =  H'  +  y^-Hd-Hr  (7,55) 

Here  the  term  hexj,,  which  is  equal  to  the  sum  of  the  hydrau¬ 
lic  losses  in  the  suction  line  of  the  pump,  is  lacking.  This 
occurs  because  the  quantity  considers  the  decrease  of 

.  0  P  2* 

energy  v§/2g  not  only  as  a  consequence  of  the  presence  of  a 
boundary  layer  at  the  intake  opening,  but  also  the  fact  that 
a  certain  part  of  the  energy  v§/2g  is  expended  in  overcoming 
the  resistances  of  the  suction  duct  of  the  water- jet  pump. 

Strictly  speaking,  the  quantity  0  1  is  different  from  the  coef- 
ficient  £  applied  in  the  head  formula  (7.18).  Apparently, 1 <  p  . 
At  the  present  time,  the  problem  of  the  magnitude  of  fi  »  has  not 
been  adequately  studied,  and,  in  the  first  approximation,  es- 

we  may  assume  that 
tern 

P  ig » 


pecially  for  low-speed 
as,  1m  general. 


ships  (vp<25  Icn/hr), 
we  do  not  consider  the 
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i.e.,  we  assume  the  magnitude  of  Hsv  according  to  formula  (7.53), 
which  gives  us  a  certain  additional  safety  factor.  For  ships 
with  a  high  speed  such  assumptions  are  inapplicable,  and  the 
quantity  must  be  investigated  in  detail. 


Vie  will  assume  the  value  of  Hsv  according  to  formula  (7.55). 
Then  the  cavitation  coefficient  is 


H  * 

and  the  specific  cavitation  speed  is 

q  _  _ 5.62n  JAQ 


4 


(7,56) 


(7,57) 


From  these  formulas,  the  values  of  the  permissible  geometri¬ 
cal  suction  height  are  obtained,  with  a  consideration  of  the  safety 
factor^;  .  , 

(tf.U  =  7/.  +  P'  -  Hi  -  <foKS>H;  (7, 58) 

(", U  »  7/.  +  P'  j—  Hd  -  y  (iy  (7,  59) 

Usually,  simultaneously  with  the  selection  of  the  capacity, 
the  type  of  engine  is  also  determined,  and,  consequently,  also 
the  corresponding  possible  series  of  speeds  of  revolution  (with 
the  use  of  a  standard  reduction  gear) .  With  the  selected  values  • 
of  Q  and  H,  the  magnitude  of  the  specific  speed  is  closely  as¬ 
sociated  with  the  number  of  revolutions: 

n.=  n  =  Bn,  (7,60) 

H * 

where  B  is  a  constant  for  the  given  water  jet  a.t  its  calculated 
operating  regime. 

A  series  of  possible  numbers  of  revolutions  gives  the  cor¬ 
responding  magnitudes  of  ns.  In  the  universal  characteristics 
of  the  pump  assumed,  the  points  are  selected  at  which,  with  each 
of  the  possible  values  of  ns,  the  efficiency  of  the  pump  is  at 
the  maximum.  At  these  points,  the  characteristics  of  the  quan¬ 
tities  Kjj;  Kq;  and  C  or  C  are  known.  At  each  of  the  points  under 
consideration,  the  permissible  suction  height  (Hs)pern»is  deter¬ 
mined  in  accordance  with  the  cavitation  coefficient,  and  thus 
the  points  of  the  characteristics  at  which  c  ndition  (7.^3) 

Is  not  fulfilled  are  excluded  from  further  consideration.  Out 
of  a  number  of  points  in  which  this  condition  is  provided,  the 
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one  is  selected  at  which  the  efficiency  of  the  pump  has  the 
highest  value.  The  value  of  the  diameter  of  the  rotor  wheel  is 
determined  in  accordance  with  the  magnitude  of  %  at  the  point 
selected: 


which  must  not  exceed  (l .0-1  .l)Efexh  •  The  greater  the  value  of 
the  diameter  obtained  exceed  ,  the  slower  the  pump  selected 
will  run  in  comparison  to  that  required  for  the  given  water-jet 
propelling  agent. 

Section  40.  Construction  of  the  Running  Characteristics  of  a 


The  running  characteristics  of  a  ship  are  the  graph  of  the 
dependence  of  the  resistance  of  the  water  to  the  motion  of  the 
hull  R,  the  motive  force  of  the  propelling  agent  Pg,  and  the 
shaft  capacity  of  the  engine  Ne  upon  the  speed  of  the  ship,  at 
various  speeds  of  revolution  of  the  rotor  wheel  of  the  water-jet 
pump.  For  tugs,  in  addition  the  appropriate  curves  of  the  trac¬ 
tion  on  the  hook  Z  =  Pe  —  R  and  towing  efficient  ^  —  Zo* 
are  also  plotted  on  the  running  characteristics.  *  75jV* 

The  engine,  propelling  agent,  and  the  ship  are  elements 
of  single  power  complex,  and  therefore  their  operation  is  mutually 
connected  in  an  essential  manner,  and  the  running  characteris¬ 
tics  are  one  of  the  principal  methods  of  expressing  this  mutual 
connection. 


Variations  of  the  operating  regime  of  the  ship’s  hull  are 
usually  given  by  the  graph  of  the  dependence  R(vq),  and  varia¬ 
tions  in  the  operating  regime  of  the  water-jet  pump  by  its  uni¬ 
versal  characteristics,  i.e.,  also  graphically  by  curves  of 
Kh(Kq);  %(Kq)  and  ^pumpO^)  •  Neither  pump  nor  ship  characteris¬ 
tics  can  be  expressed  analytically,  and  consequently  the  con¬ 
struction  of  the  running  characteristics,  connecting  the  ship 
characteristics  with  the  pump  characteristics,  may  be  accom¬ 
plished  only  by  the  graphoanalytic  method. 

The  running  characteristics  of  a  ship  viith  a  water-jet 
propelling  agent  may  be  constructed  if  we  have  the  universal 
characteristics  of  the  pump  which  is  used  in  the  given  water 
Jet  being  designed. 

We  will  show  the  sequence  of  constructing  the  running  char¬ 
acteristics  using  a  self-propelled  cargo  vessel  as  an  example. 
The  parameters  of  the  ship  are:'  engine  capacity  800  horsepower; 
nominal  speed  of  revolution  of  the  output  flange  of  the  revers- 
ing-reduction  gear  375  rpm.  The  propelling  agent  has  been  de- 


signed  with  partial  underwater  discharge,  with  a  straight  coni¬ 
cal  pipe  /nozzle/  (see  diagram  in  Fig.  88) .  The  water-jet  pump 
is  a  type  OD-1  "(its  universal  characteristics  are  given  in  the 
Appendix,  in  Fig.  XIV).  The  angle  of  the  blades  of  the  rotor 
wheel  is  assumed  to  be  equal  to  —  0.5°;  the  diameter  of  the 
rotor  wheel  is  1.^55  m;  the  diameter  of  the  exhaust  opening  is 
0.935  m;  the  resistance  of  the  water  to  the  motion  of  the  hull 
is  given  by  the  appropriate  graph  (Curve  7  in  Fig.  91). 

The  operating  regime  of  the  water- jet  pump  may  be  found  by 
matching  the  characteristics  of  the  pump  itself  and  its  external 
networ!:.  A  change  in  the  speed  of  the  ship  is  accomplished  by 
regulating  the  number  of  revolutions  of  the  engine.  YJe  will  as¬ 
sume  that  it  is  possible  to  regulate  this  within  the  range  of 
375-125  rpm.  Usually  the  range  of  variation  of  the  number  of 
revolutions  is  not  as  wide  as  this,  but  for  the  construction  of 
the  characteristics  it  is  more  convenient  to  widen  it,  and  after 
the  construction  to  limit  ourselves  to  the  real  limits. 

The  universal  characteristics  of  the  pump  are  given  in  the 
coordinates  ICh  —  Km.  At  the  given  diameter  of  the  rotor  wheel, 
the  speeds  of  its  revolution,  and  the  specific  blade  angle,  the 
operating  characteristics  of  the  pump  may  be  constructed.  Con¬ 
version  of  the  points  Kh(K^)  to  coordinates  H  —  Q  is  performed 
in  accordance  with  formulas  (6.37)  and  (6.38). 

With  a  diameter  of  the  rotor  wheel  of  more  than  500-500  mm, 
it  is  necessary  to  consider  the  scale  effect  (see  Section  30). 

In  the  example  given,  for  simplicity  in  explanation,  the  influ¬ 
ence  of  this  effect  is  not  considered. 

We  will  assume  that  the  possible  speeds  of  revolution 
amount  to  375*  325*  275*  225,  175*  and  125  rpm.  Each  line  of 
H(Q)  corresponds  to  its  own  value  of  the  rpm.  YJe  will  assume 
that  the  pump  efficiency  does  not  change  if  the  number  of  rpm 
is  varied*.  Then  the  transition  from  some  speed  of  revolutions 
to  another  Is  accomplished  according  to  the  formulas 

ft  =  «.-£•  CM2> 

H‘“  "•(£)’•  (7’63> 

The  results  of  the  conversion  of  the  operating  character¬ 
istics  are  given  in  Fig.  90*  by  curves  1-6,  constructed,  respec¬ 
tively,  for  speeds  of  revolution  of  375-125  rpm. 

The  head  of  a  water—  jet  pump  is  determined  by  formula  (7.18). 
YJe  will  substitute  into  it 
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Then  formula  (7.18)  nay  be  rewritten  in  the  form 


H-he  =  AQ*-B, 


(7, 65> 


m\ 

WmrA 

msaa 
mmna 


Q,M/ceK  (7) 

Fig.  90.  Matching  of  operating  characteris¬ 
tics  of  a  punro  and  its  external  network  (ex¬ 
ample).  a),  b),  c),  and  d)  Characteristics 
of  external  network  when  vq  =1;  3;  5;  7  m/sec; 
l)»  2),  3) ,  *0*  5),  and  6)  Characteristics  of 
the  pump  when  n  =  375;  325;  275;  225;  175;  and 
125  rpm;  7)  Q,  m/sec. 

P£rmula  (7.85)  is  the  equation  of  the  external  network 
/cycle/  of  the  pump.  The  quantities  A  and  B  for  the  given  water- 
jet  propelling  agent,  at  each  specific  speed,  are  constant.  In 
them,  besides  the  quantity  vg  itself,  the  values  of  K  and  0  also 
depend  upon  the  speed.  For  simplicity  of  exposition  we  will  as¬ 
sume  that  K  *  const  =  1,28;  fi  =  const  =  0.9;  hjet  =  0.3>  and 
=  const  =  0.95. 


'Assuming  arbitrarily  a  change  in  the  magnitude  of  the  flow 
rate  of  the  fluid  passing  through  the  water-jet  duct,  we  may, 
according  to  formula  (7.o5),  obtain  the  connection  of  the  head 
of  the  outer  circuit  viith  the  flow  rate  for  each  given  speed 
(of  the  magnitude  of  B) .  The  results  of  such  a  calculation  are 
plotted  in  Fig.  90  by  curves  a,  b,  c_,  and  d  for  four  values  of 
the  speed,  equal,  respectively,  to  1;  3;  5;  and  7  m/sec.  The 
insections  of  these  curves  with  the  pump  characteristics  (curve 
1-6)  give  the  working  points  of  the  pump. 

At  the  given  speed  of  revolution,  from  the  graph  the  magni¬ 
tudes  of  the  flow  rate  of  the  pump  are  known  for  each  of  the 
speeds  vq  under  consideration.  According  to  formula  (7.64)  we 
may  calculate  the  corresponding  values  of  the  exhaust  velocity 
vexh,  and  according  to  formula  (7.21)  the  magnitude  of  the 
motive  force  ?e.  The  results  of  the  calculations  for  all  six 
speeds  of  revolution  are  given  in  Pig.  91  by  curves  1-6,  and 
curve  7  gives  the  dependence  of  R(vq)  for  the  given  ship.  The 
intersections  of  curve  7  with  curves  1-6  give  the  points  Pe  =  R, 
i.e.,  the  dependence  vo(n).  For  each  of  the  four  speeds  cal¬ 
culated  above  /curves  a ,  b,  £,  d^,  (Fig,  90/7  along  curve  ?e(vo), 
at  the  given  value  of  n,  The  quantities  Q  and  H  are  known.  In 
turn,  in  the  universal  characteristics  of  the  pump  four  points 
also  correspond  to  this,  at  which  the  efficiency  of  the  pump 
'rjpump  also  may  be  determined.  Then  according  to  formula  (7.20) 
we  may  find  the  corresponding  value  of  the  power  consumed  by 
the  pump.  The  results  of  the  calculations  are  shown  in  Fig.  91 
by  curves  8-13.  It  is  apparent  that  on  each  of  these  curves 
only  one  point  of  the  combined  operation  of  the  water- jet  and 
the  ship's  hull  exists  which  is  analogous  to  the  point  of  inter¬ 
sected  curves  Pe(vo)  and  R(vq).  Transferring  these  points  to 
the  corresponding  curves  of  Ne(vo)  anc3  having  combined  them  by 
the  common  curve  14,  we  obtain  the  dependence  of  the  power  con¬ 
sumed  upon  the  number  of  revolutions  and  the  speed  of  the  ship 
that  we  are  seeking. 

The  totality  of  all  the  curves  (Fig.  91)  is  the  running 
characteristics  of  the  ship  being  sought. 

It  was  said  above  that  the  nominal  capacity  of  the  engine 
in  the  case  under  consideration  was  800  horsepower.  Judging  by 
the  characteristics,  when  n  =  375  rpm,  IIe  =  700  horsepower,  i.e. 
the  operation  of  the  pump  is  not  matched  with  the  engine.  For 
matching,  it  is  necessary  to  increase  the  exhaust  opening  some¬ 
what.  Besides  this,  in  the  example  selected  the  ratio 

-ft—  —  44^-  =  1.55,  i.e.,  it  is  much  greater  than  the  recommended 

u,y*>o 

^1.1,  which  is  a  consequence  of  the  incorrect  selection  of  the 
pump.  In  the  given  propelling  agent,  it  is  necessary  to  apply 
a  higher-speed  pump. 
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Pig-  91.  Running  characteristics  of  a  cargo 
motorship  (example  of  construction).  1,  2, 

3*  4!,  5»  and  6)  Curve  of  Pe  at  speeds  of 
revolution  of  375;  325;  275;  225;  175;  and 
125  rpm;  8,  9,  10.  11,  12,  and  13)  Current 
dependences  of  Ne(vo)  at  the  same  speeds  of 
revolution;  7)  Curve  of  R(vo);  14)  Pinal 
dependence  of  Ng(v0)  for  the  specific  ship.- 
a)  S;  Pe,  kg;  bj  vq,  m/sec;  c)  N,  horsepower. 

The  results  of  the  corresponding  calculations  in  the  appli 
cation  of  the  OD-2  pump  show  that  the  diameter  of  the  rotor 
wheel  will  be  equal  to  1.0  m  and  the  ratio  D/DeXh  =  1.07.  With 
the  correct  selection  of  Dexh  and  the  pump,  the  efficiency  of 
the  propelling  agent  will  increase  from  0.46  (in  the  example 
selected)  to  3.535.- 
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Section  4l.  Operation  of  a  Uater-Jet  Propelling  Agent  with  a 
Rotary-Blade  Pump 

Usually  a  change  in  the  speed  of  the  ship  is  accomplished 
by  regulating  the  speed  of  revolution  of  the  rotor  wheel  (see 
Section  40).  A  change  in  the  number  of  revolutions  of  the  en¬ 
gine  shaft  is  achieved  by  regulating  the  fuel  feed.  It  is  well 
known  that  the  operation  of  the  engine  on  partial  regimes  oc¬ 
curs  at  greater  specific  fuel  consumptions  than  at  the  full- 
power  regime  and  at  nominal  rpm,  where  the  characteristics  of 
the  engine,  as  a  rule,  have  their  minimum. 

A  change  in  the  speed  of  revolution  of  the  rotor  wheel  of 
the  pump  brings  with  it  a  change  in  its  flow  rate,  and,  conse¬ 
quently,  also* in  the  motive  force  and  speed.  Regulation  of  the 
capacity  of  the  pump  may  also  be  accomplished  by  another  means 
—  by  turning  the  blade  of  the  rotor  wheel.  In  this  case,  a  rotary- 
blade  pump  must  be  used,  in  distinction  from  the  conventional 
impeller  pump. 

Similar  regulation  of  the  speed  oj*  a  ship  by  altering  the 
angle  of  the  working  blades  is  also  accomplished  in  screw  pro¬ 
pellers,  which  in  this  case  are  called  controllable-pitch  pro¬ 
pellers  (CPP).  The  great  shortcoming  of  the  CPP,  in  compari¬ 
son  to  an  ordinary  "propeller'*  screw  is  its  lower  operating 
reliability.  The  full  shielding  of  the  rotor  wheel  of  a  water- 
jet  pump  removes  the  shortcoming  of  a  CPP  noted  above. 

A  graphoanalytic  method  of  calculating  the  operation  of  a 
water-jet  propelling  agent  with  a  rotorary-blade  pump  is  ex¬ 
plained  below,  and  this  method  in  the  future  is  called  calcu¬ 
lation  of  regulation.  We  will  note  that  unsteady-state  transi¬ 
tional  processes,  which  are  the  content  of  the  calculation  of 
regulation,  in  the  ordinary  understanding  of  this  term,  are 
not  considered  in  the  given  calculations. 

Calculation  of  the  regulation  of  a  water  Jet  is  performed 
for  the  purpose  of  determining  the  operating  conditions  of  the 
propelling  agent,  which  provide  obtaining  different  given  speeds 
of  the  ship  at  the  minimum  possible  fuel  consumptions  by  the 
engine,  i.e.,  determining  the  optimum  ratio  between  the  number 
of  revolutions  of  the  engine  shaft  and-  the  blade  angle  of  the 
rotor  wheel  of  the  pump  for  each  required  speed.  To  accomplish 
this  calculation,  it  is  necessary  to  have  the  universal  char¬ 
acteristics  of  the  water- jet  pump  and  the  nameplate  character¬ 
istics  of  the  main  engine  which  drives  it. 

Let  us  consider  the  methodology  of  calculating  regulation 
using  the  same  water  jet  that  was  described  in  Section  40  as  an 
example.  We  will  assume  that  the  coefficients  d , ^ ,  and  K  are 
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Independent  of  the  speed.  Consideration  of  this  dependence,  if 
it  is  known,  does  not  change  the  methodology  explained. 


Calculation  of  regulation  begins  with  the  construction  of 
a  series  of  universal  characteristics  of  the  water-jet  pump 
at  different  speeds  of  revolution  and  different  blade  angles 
(f  .  We  iirill  remember  that  the  value  =  0  corresponds  to  the 
rated  (design)  position  of  the  blades.  Positive  magnitudes  of 
^correspond  to  a  turn  of  the  blades  toward  increasing  the 
blade  angle,  liie  characteristics  obtained  may  be  combined  either 
according  to  a  constant  blade  angle  (Fig.  92),  or  according  to 
a  constant  number  of  revolutions  (Fig.  93). 
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Fig.  92.  Matching  the  character¬ 
istics  of  a  pump  and  Its  exter¬ 
nal  circuit  when  =  —  5°  (ex¬ 
ample).  1,  2,  3,  and  4)  Curves 
of  H(Q)  when  vq  =  6.67;  5.0; 

4.0;  and  3.0  lysec,  respectively, 
and  n  =  100,  200,  and  3Q0  rpm. 
a)  n  =  300  rpm;  b)  Q,  nP/sec. 


Pig.  93.  Matched  characteris¬ 
tics  of  a  pump  and  its  exter¬ 
nal  circuit  when  n  =  375  rpm 
(example).  1,  2,  3,  and  4)  Curves 
of  H(Q)  when  Vq  =  6.67;  5.0; 

4.0;  and  3.0  m/sec,  respec¬ 
tively.  a)  Q,  m3/sec. 


After  construction  of  the  characteristics,  curves  of  the 
characteristics  of  the  external  cycle  are  plotted  on  them,  cal¬ 
culated  in  accordance  with  formulas  (7.65)  and  (7.66).  Then, 
according  to  the  methodology  described  in  Section  40,  for  all 
the  variations  under  consideration  the  dependences  Pe(vo)  are 
calculated  and  a  graph  is  constructed  for  the  R(vo)  of  the 
given  ship.  The  results  of  such  a  calculation  are  shown  in 
Fig.  94.  Each  line  of  motive  forces  P?  corresponds  to  a  value 
of  =  const  when  n  =  const.  The  points  of  intersection  of  these 
lines  with  the  curve  of  the  resistance  of  the  hull  R(vq)  gives 
us  the  opportunity  to  determine  the  magnitudes  of  Pe  correspond¬ 
ing  in  each  of  the  variations  of  the  operation  of  the  pump  under 
consideration  to  the  equality  Pe  =  R,  i.e.,  to  a  condition  of 
equilibrium  of  the  system  consisting  of  the  propelling  agent  and 
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Fig.  9**.  Exanple  of  the  char¬ 
acteristics  of  motive  force 
(n  in  rpm;  in  degrees). 

/  —  *  -■  fc  «  —  loo; 

*  —  *-**:  *  -  too: 
a  —  9  »  — S:  a  ™  200; 

«  —  9  *  a  =  200; 

*  —  *  *»  -f-S:  a  —  200; 

*  —  9  —  —  i:  a  —  300; 

2  —  9  m  *  a  -  300: 
a  —  9  =.  —5;  a  -  373: 

9  —  9  »■  -fr-S;  A  »  300: 

70  —  9  -  t  A  -  37$; 

//  _  9  =  *$;  a  »  375. 

a)  R;  Pe,  T;  fc)  v0,  m/sec. 


the  ship. 

The  values  of  the  motive  force 
obtained  by  such  a  method  (from  the 
graph  in  Fig.  9*0  give  us  the  op¬ 
portunity  to  construct  the  basic 
calculation  graph,  which  is  a 
family  of  curves  corresponding 
to  the  condition  n  =  const  in 
the  field  Pe  -?(FIg.  95).  Here 
the  curves  of  n  =  const  are  plotted 
every  25  rpm  within  limits  of  the 
possible  regulation  of  the  number 
of  revolutions  of  the  engine  (n  = 

=  100-375  rpm)  for  blade  angles 
?  of  from  —  8  to  +  6° . 

A  definite  magnitude  of  the 
motive  force  required  corresponds 
to  each  speed  of  the  ship’s  hull, 
i.e.,  the  lines  of  motive  force 
are  straight  lines  on  the  calcula¬ 
tion  graph.  Thus,  to  obtain  a  speed 
of  vq  =  6  m/sec  (see  Fig.  9*0  vie 
must  provide  a  Pe  =  3S00  kg.  Draw¬ 
ing  the  appropriate  horizontal 
lines  on  Fig.  95  (dashed  line) 
shows  that  such  a  magnitude  of 
the  motive  force  may  be  provided 
at  different  values  of  9  and  n, 
such  as,  for  example,  when  9  = 

=  —  3.56  and  n  =  375  rpm,  when 
?  =  +  3.2°  and  n  =  300  rpm,  or 
at  some  intermediate  value  of’f 
and  a  corresponding  value  of  n. 


Usually  the  characteristics  of  the  engine  have  the  form 
represented  in  Fig.  96.  Here  the  specific  fuel  consumption  £ 

(in  grams  per  effective  horsepower-hour)  and  the  effective 
capacity  Ne  are  given  as  a  function  of  the  number  of  revolu¬ 
tions  of  the  engine  shaft  n.  At  each  given  value  of  n,  the  pro¬ 
duct  of  g  and  Ne  gives  the  value  of  the  total  fuel  consumption 
G  (n). 


A  curve  of  G(n)  is  given  in  Fig.  97.  For  convenience  it  is 
repeated  four  times  with  the  scales  of  G  shifted  along  the 
vertical  accordingly.  The  curves  are  given  for  four  rated  speeds 
vo  =  3}  4;  5;  and  6  m/sec. 

A  horizontal  straight  line  in  Fig.  95  corresponds  to  each 
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Pig.  95.  Magnitudes  of  Pe  at 
different  values  of  n  (rpm) 
for  calculation  of  regulation 
(example),  l)  Pe,  kg. 


speed  under  consideration.  Along 
this  straight  line  the  values  of 
Cf  and  n  change,  i.e.,  a  definite 
magnitude  of  n  corresponds  to 
each  given  magnitude  of  .  These 
values  of  <f  are  transferred  to 
the  graph  of  fuel  consumption. 

For  example,  when  vo  =  6  m/sec 
(dashed  straight  line  in  Pig.  95) 
and  n  =  300  rpm,  Cf>  =  +  3.2°. 

By  dropping  a  perpendicular  to 
the  abscissa  axis  from  the  point 
n  =  300  rpm  to  the  intersection 
with  the  curve  of  G(n)  (for  vq  = 
=  6  m/sec),  we  obtain  on  it  a 
point  corresponding  to  the  opera¬ 
tion  of  the  engine  when  =  +3.2° 
Similarly,  we  obtain  points  cor¬ 
responding  to  other  numbers  of 
revolutions  when  vq  =  const  and 
write  by  them  the  values  of  the 
rotor  wheel  . 

Cyitr/m  (i) 


(2)} 


(iy?,r/n>.c-v 


V-y  -w 


Pig.  9°.  Engine  characteristics 
(example}.  1)  £,  g/ehp-hrj  2) 

N,  hp;  3)  n,  rpm. 


Pig.  97.  Fuel  consumption  G  as 
a  function  of  the  number  of  shaft 
revolutions  at  different  varia¬ 
tions  of  the  speed  and  blade 
angles  of  the  rotor  wheel.  •  — 
values  of  <jP  in  degrees.  1)  G, 
kg/hr;  2)  vQ  =  8  m/sec:  3)  vQ  = 

=  5  m/sec;  4)  vo  =  4  m/secj 
5)  v0  =  3  m/sec;  6)  n,'  rpm. 


Prom  the  graph  in  Pig.  97  it  is  apparent  that  a  particular 
combination  or  values  of  n  and  9  exists  at  each  speed  of  the 
hull,  thus  providing  the  minimum  fuel  consumption.  The  points 
at  the  same  values  of  9,  such  as,  for  example,  9=0,  corre¬ 
spond  to  the  regulation  of  the  propelling  agent  with  a  change 
in  only  the  number  of  revolutions  of  the  engine  shaft,  i.e., 
with  the  blades  of  the  rotor  wheel  of  the  pump  fastened  rigidly. 
Prom  this  same  graph  it  is  apparent  how  much  of  a  fuel  saving 
can  be  obtained  if  we  apply  the  rotary-blade  pump  instead  of 
the  impeller  jump.  In  the  example  under  consideration,  at  the 
required  speefl  vp  =  4  m/sec,  without  changing  the  blade  angle 
the  fuel  consumption  will  be  equal  to  184  kg/hr  when  n  =  200  rpm, 
and  if  the  blades  are  turned  by  an  angle  of  —  8°,  it  will  be 
168  kg/hr  whem  n  =  314  rpm,  i.e.,  it  would  be  decreased  by  16 
percent. 

The  sequence  of  calculations  described  above  is  for  pro¬ 
viding  speeds  that  are  lower  than  the  rated  speeds.  Regimes 
for  a  forced  operation  of  the  propelling  agent,  i.e.,  increased 
speeds  of  the  ship,  may  be  calculated  similarly. 

By  applying  the  same  methodology,  we  may  calculate  the 
operating  coniitions  of  the  propelling  agent  —  engine  system 
with  regulation  of  the  speed  only  by  changing  the  blade  angle 
of  the  rotor  wheel,  leaving  the  number  of  its  revolutions  un¬ 
changed  . 
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Chapter  8 

TYPE. ELEMENTS  OF  WATER-JET  PROPELLING  AGENTS 
Section  42.  Type  Pumps 

As  we  have  already  noted,  the  magnitude  of  the  specific 
speed  ns  (and,  consequently,  the  type  of  pump  also)  is  asso¬ 
ciated  with  the  speed  of  a  water- jet  ship  and  the  magnitude  of 
the  coefficient  a,  characterizing  the  steepness  of  the  curve 
of  the  water  resTstance  to  the  motion  of  the  ship's  hull.  For 
water- jet  propelling  agents  for  ships  of  different  classes, 
different  types  of  pumps  are  needed .  An  anlysis  of  propelling 
agents  shows  that  as  the  rated  spe  d  of  the  ship  increases,  the 
optimum  magnitude  of  the  specific  speed  of  the  pump  required 
decreases.  For  high-speed  ships  the  quantity  (ns)0pt  ls  s0  small 
that  the  axial  pump  applied  must  be  a  multi-stage  pump. 

It  is  apparent  that  it  is  irrational  to  develop  a  new 
blading  system  for  each  newly  designed  water-jet  propelling 
agent,  and  in  the  designing  of  the  propelling  agent  it  is  best 
to  use  type  pumps  that  have  already  been  developed.  Since  a 
catalogue  series  of  pumps  needed  for  this  has  not  yet  been 
developed,  in  the  designing  of  water- jet  propelling  agents  we 
use: 


—  ordinary  axial  pumps,  according  to  the  catalogue; 

—  type  screw  propellers,  developed  for  application  in  steering 
nozzles,  with  dditional  designing  of  the  re turn- circuit  rig; 

—  certain  specially  developed  type  blading  systems  for 
water-jet  pui^ps; 

—  new  blading  systems  in  a  case  when  the  first  three  methods 
cannot  be  used. 

We  will  discuss  the  features  of  each  of  these  methods 
briefly. 
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•Pumps  in  accordance  with  the  catalogue.  At  the  All-Union 
Institute  of ^<Jr  au  11  c^SehTn e~rElT<Tfhg  (VXGM) ,  six  type  pumps 
have  been  developed,  which  are  described  in  GOST  /All-Union 
State  Standard/  9366-60.  The  catalogue  compiled  in  accordance 
with  them  has  “been  published  in  the  appropriate  catalogue  hand¬ 
book. 

Both  in  the  GOST  and  in  the  catalogue  the  universal  char¬ 
acteristics  of  the  pumps  are  given  in  the  dimensionless  coor¬ 
dinates  Kh  —  Kq. 

The  cavitation  characteristics  of  the  pump  are  given  in 
characteristics  by  the  curves  of  the  constant  values  of  the 
dimensionless  coefficient 

=  (8.0 

where  Ahj  is  the  cavitation  difference,  numerically  equal  to  the 
first  critical  value  of  the  excess  suction  head 

'  AA/ =  (8,2) 

Unfortunately,  we  cannot  use  such  type  characteristics  in 
the  calculation  of  a  water-jet  propelling  agent,  since  this 
characteristic  is  strictly  that  of  a  pump  (the  head  is  measured 
as  shown  in  the  diagram  in  Pig.  93),  and  the  magnitude  of  the 
head,  efficiency,  and  cavitation  difference  are  given  for  the 
pump  as  a  whole.  For  a  water- jet  pump,  we  need  the  characteris¬ 
tics  of  the  blading  system  only,  which  may  be  obtained  in  this 
case  if  we  exclude  the  effect  of  the  intake  and  exhaust  from 
the  characteristics  of  the  pump. 

\/\  T»e  will  show  how  we  may  make  the  transi 

A  ,  tion  from  the  characteristics  of  a  pump  to 

,  '  the  characteristics  of  its  blading  system. 

/  (  (TJ  At  the  given  operating  regime  of  the 

LJ  U  pump,  the  total  relative  magnitude  of  power 

<h=4  I  losses  in  the  intake  and  output  are 


Pig.  98.  Diagram 
of  the  measurement 
of  head  in  punp 

tests  nr/. 


h  - r  _  r  ~  .  -  ,o  o, 

"n,0-tn,0  2gHr  -  in,  o  ~x-D'gftT  *  V».  <*) 

fonjo  ~  ^in.out  =  ^intake .output^/ 

Having  replaced  the  dimensional  quan¬ 
tities  by  the  corresponding  coefficients, 
we  obtain 


The  efficiency  of  the  intake  and  output  of  the  pump  is 

^ln,  «=  1  0;  (8, 5) 

the  efficiency  of  the  blading  system  is 

V*  =  Tt7<  (8.6) 

&  .sys  ~  ^blading. system^7 

At  the  given  magnitude  of  the  flow  rate,  the  head  of  the 
blading  system  is  greater  than  the  head  of  the  pump  by  the  mag¬ 
nitude  of  the  hydraulic  losses  of  specific  power  in  the  intake 
and  output.  Consequently, 

Formulas  (8.4),  (8.5)*  (8.6),  and  (8.7)  give  us  the  oppor¬ 
tunity  to  make  the  transition  from  the  parameters  of  a  pump  to 
the  parameters  of  its  blading  system.  Let  us  consider  this  transi¬ 
tion  using  the  Op-7  pump  as  an  example.  Vie  will  assume  that  the 
total  loss  coefficient  for  the  intake  and  output  of  the  pump 
Cin.out555  0.125.  The  given  arbitrary  change  in  the  magnitude  of 
the ’flow-rate  coefficient  along  the  line  =  const  will  be  cal¬ 
culated  according  to  the  formulas  indicated  for  the  values  of 
^Hbi.sys  anc3^bl.sys*  The  results  of  such  a  transition  for  the 

angle  ?  =  +  3°  are  given  in  Fig.  99.  We  will  construct  similar 
graphs  for  the  other  blade  angles  and  combine  them  in  the  appro¬ 
priate  universal  characteristics  (Fig. 100).  The  efficiency  of 
the  blading  system  at  optimum  is  2  percent  higher  than  the  ef¬ 
ficiency  of  the  pump  and  at  small  values  of  %  this  gain  reaches 
5  percent. 

In  Section  39  It  was  demonstrated  that  for  calculation  of 
a  water-jet  pump  it  is  more  convenient  to  have  the  values  of 
the  specific  cavitation  speed  C,  and  not  the  coefficient 

indicated  in  the  characteristics  in  the  catalogue.  By  using 
condition  (8.2),  we  may  write  that 

C_M« 01pi  (8>8) 


or,  in  dimensionless  quantities 

(8,9, 

.  (*«,)* 

where  n  is  in  revolutions  per  second. 

Formula  (8.9)  makes  it  possible  to  reconstruct  the  curves 


of  Km>,  -  const,  given  In  the  characteristics  in  the  catalogue, 
into  curves  of  C  =  const. 

The  results  of  the  conversion  are  given  in  Pig.  100,  where 
the  curves  of  the  constant  values  of  the  specific  speed  are 
plotted.  Prom  Pig.  99  it  is  apparent  that  the  operating  speed 
of  the  blading  system  is  somewhat  higher  than  it  is  in  the  en¬ 
tire  pump. 
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Pig.  99.  Parameters  of  the  blad-  Pig.  100.  Universal  character¬ 
ing  system  of  the  Op-7  pump  when  istics  of  the  blading  system  of 
y  =  +  3° .  the  Op-7  pump . 

Screw  propellers.  In  a  number  of  cases,  for  outfitting  water' 
jet  propeTTing  agents,  especially  those  intended  for  low-speed 
ships,  a  pump  of  increased  operating  speed  is  needed.  In  this 
case,  as  a  rule,  type  screw  propellers  developed  for  steering 
/kort_7  nozzles  may  be  used  as  the  rotor  wheel  of  the  pump. 

The  methodology  of  their  use  and  the  corresponding  calcula¬ 
tion  of  the  propelling  agent  has  been  developed  by  A.M.  Basin 
/S7  and  checked  experimentally.  In  accordance  with  this  raethodol- 
ogy,  a  number  of  water-jet  vessels  have  been  developed  and  built. 
In  his  book  /S/  diagrams  of  type  propellers  are  given  which  may 
be  used  in  tne  designs.  The  specific  speed  of  these  propellers 
at  optimum  characteristics  is  equal  to  3500-7000. 

*  In  the  designing  of  a  water-jet  propelling  agent,  with  the 
application  of  a  screw  propeller  as  the  rotor  wheel,  the  return- 


circuit  rig  must  be  developed 


In  A.M.  Basin's  book,  a  somewhat  simplified  methodology 
for  calculating  thin  profiles  is  recommended  for  it  (the  method 
of  I.N.  Voznesenslciy  and  V.P  Pekin).  VJe  will  note  that  in  this 
book,  in  the  graph  for  determining  the  blade  angle  of  the  pro¬ 
file  A<x  (Pig.  169,  p.  484),  apparently  due  to  an  error,  the  angle 
9>8,  equal  to  P/2,  in  our  symbols,  is  plotted  along  the  abscissa 
axis;  actually,  it  is  the  angles  0  that  are  plotted  along  this 
axis,  i.e.,  it  should  not  be  98  that  is  written  by  the  graph, 
but  2 yg. 

The  application  of  screw  propellers  as  rotor  wheels  for 
water-jet  pumps  is  possible  in  a  case  when  the  calculation  of 
the  propelling  agent  is  performed  according  to  the  conventional 
methodology  explained  above.  However,  the  diagram  for  Kj  —  3.p 
must  be  converted  and  constructed  in  the  pump  coordinates  H  _  Q, 
i.e.,  it  is  necessary  to  construct  the  universal  characteristics. 
The  methodology  of  such  a  transition  was  described  in  Section 
33,  and  the  universal  characteristics  obtained  in  this  case, 
in  coordinates  %  —  Kp,are  shown  in  Pig.  86. 

Water- jet  propelling  agents  with  screw  propellers,  regard¬ 
less  of  the  methodology  of  their  calculation  (in  accordance  with 
the  method  accepted  in  Reference  /’Ey  or  according  to  the  "pump" 
method),  always  will  have  two  shortcomings. 

1.  In  a  water- jet  propelling  agent,  the  screw  is  used  in 
combination  with  a  return-circuit  rig,  which,  of  course,  is 
correct,  but  the  parameters  of  the  blading  system  obtained  in 
this  case  differ  from  the  parameters  of  the  screw  given  in  ac¬ 
cordance  vrith  the  accepted  effect  diagrams,  since  the  latter 
were  obtained  in  tests  of  the  screw  without  a  counter-propeller, 
i.e.,  a  return-circuit  rig.  It  is  true  that  the  difference  of 
these  two  possible  characteristics  (without  the  rig  and  with  it) 
decrease  as  the  operating  speed  of  the  wheel  (propeller)  in¬ 
creases,  and  for  very  high-speed  wheels  this  difference  is  al¬ 
ready  not  very  significant.  However,  in  principle  it  will  al¬ 
ways  occur,  and  the  actual  characteristics  of  a  water-jet  pump, 
and,  consequently,  also  those  of  the  propelling  agent,  will 
differ  from  those  proposed  in  the  calculations  with  the  applica¬ 
tion  of  a  screw  as  a  rotor  wheel,  if  a  conventional  propeller 
diagram  was  used  in  the  calculations. 

2.  The  cavitation  characteristics  of  a  water- jet  pump, 
with  the  application  of  a  screw  propeller,  are  determined  ac¬ 
cording  to  the  ordinary  "propeller"  methodology  /o7.  Even  in 
a  case  when  the  designer  has  at  his  disposal  the  results  of 
fcavitation  tests  of  the  given  type  screw  propeller,  which  is 
not  always  possible,  the  cavitation  characteristics  of  this  pro- 


peller  when  it  is  used  as  the  rotor  wheel  of  a  water- jet  pump 
remains  unknown  to  him. 

The  method ology  of  designing  a  water  jet  as  developed  in 
reference  fSJ  assumes  that  the  designer  knows  certain  experi¬ 
mental  coexiicients  of  the  reaction  of  the  propeller  with  the 
blading  of  the  propelling  agent  and  the  ship's  hull.  The  use 
of  these  coefficients  makes  it  possible  to  estimate  the  anti¬ 
cipated  power  characteristics  of  the  water-jet  propelling 
agent  (motive  force,  propulsive  efficiency)  with  an  adequate 
degree  of  accuracy,  especially  if  the  coefficients  mentioned 
were  determined  in  the  presence  of  a  return-circuit  rig.  How¬ 
ever,  the  cavitation  characteristics  of  a  screw  propeller  when 
it  is  converted  to  operate  in  a  water- jet  pipe  may  change  con¬ 
siderably,  and  for  their  correct  estimation,  the  appropriate 
model  tests  are  .necessary. 

The  calculated  estimate  of  the  anticipated  cavitation 
characteristics  of  a  screw  propeller  have  been  performed  in 
accordance  with  the  methodology  proposed  by  E.E.  Papmel* /S/ . 

In  this  case,  the  conditional  element  of  the  blade  located 
at  the  relative  radius  r  =  0.7  was  subjected  to  a  check.  For 
a  propeller  operating  in  a  water-jet  propulsion  system,  such 
a  check  should  ce  made  for  several  sections,  and  mandatorily 
for  the  peripheral  section  (see  Section  26). 

In  our  opinion,  the  application  of  screw  propellers  as 
the  rotor  wheels  of  water- jet  pumps  is  justified  only  as  a  tempo¬ 
rary  measure,  since  a  series  of  type  pumps  in  an  adequately  wide 
range  of  parameters  has  not  yet  been  developed.  In  particular, 
in  the  development  of  type  pumps  higher  cavitation  indices  of 
the  wheel  may  be  obtained. 

As  a  characteristic  example,  we  will  give  the  results  of 
a  specially  conducted  experiment.  At  the  Leningrad  Institute 
of  Water  Transport,  in  accordance  with  the  methodology  explained 
in  reference  /oj ,  a  screw  propeller  with  parameters  of  KH  =  0.054 
and  Kq  =  0.584  was  calculated.  The  blading  system  of  the  0D-10 
was  developed  at  the  Leningrad  Polytechnical  Insti  tute  for  these 
same  parameters  (see  Appendix,  Tables  V-VI) . 

Both  the  propeller  and  the  wheel  of  the  0D-10  blading 
system  had  4. blades  each.  The  hub-tip  ratio -of  the  propeller 
was  0.18,  and  in  the  0D-10  pump  it  was  0.25.  The  solidity  of 
the  lattice  of  the  peripheral  section  was,  respectively,  0.423 
and  0.350.  The  blade  sections  of  the  0D-10  rotor  wheel  were 
calculated  according  to  a.F.  Lesokhin's  method  (calculation  of 
^Lattices  of  profiles  of  finite  thickness)  with  possible  level¬ 
ing  of  the  outlines  of  the  velocity  distribution  along  the  sec¬ 
tion. 
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The  0D-10  rotor  wheel  and  a  propeller  with  one  and  the 
same  return-circuit  rig  (since  the  calculated  magnitude  of 
the  velocity  circulation  in  them  was  the  same)  were  tested 
successively  in  one  and  the  same  experimental  plant  at  the 
Leningrad  Polytechnical  Institute.  The  results  of  the  tests  of 
the  0D-10  blading  system  are  shown  in  the  form  of  the  corre¬ 
sponding  universal  characteristics,  in  coordinates  Ku  —  Kn, 
in  Fig.  XVI  of  the  Appendix.  The  rated  operating  regime  is 
provided  when  y  =  +  2.0°. 

The  results  of  the  tests  of  the  screw  propeller  are 
given  in  the  form  of  curves  of  K}j,  47  and  C,  as  a  function  of 
the  flow-rate  coefficient  Kq,  in  Fig.  101.  Similar  curves  for 
th  0D-10  blading  system  are  plotted  on  the  same  graph  when  y  = 
=  +  2.0°  and  when  y  =  +  3.5°.  At  the  latter  value  of  y,  the 
curves  of  Kh(Kq)  for  the  propeller  and  the  0D-10  wheel  prac¬ 
tically  coincide. 

From  the  graph  in  Fig.  101  it  follows  that  the  propeller 
at  the  rated  magnitude  of  the  flow  rate  provides  a  head  exceed' 
ing  the  rated  value  by  approximately  20  percent.  Such  a  pro¬ 
peller,  installed  in  a  ship,  would  be  "heavy",  i.e.,  it  would 
consume  more  power  than  the  design  figure. 


Fig.  101.  Comparison  of  the  power  and  cavi¬ 
tation  characteristics  of  a  screw  -propeller 
and  the  blading  system  of  the  0D-10  pump. 
- Propeller;  -  Pump,  when  y  =  +  2.0°; 

Pump  when  y  =  +  3.5°»  Curves  1,  2,  3* 

—  specific  cavitation  speeds  C;  5  —  Pres¬ 
sure-head  coefficients  Kg;  6,  7>  o  —  Effi¬ 
ciency  . 


As  we  might  expect,  the  greatest  difference  is  noted  in  the 
comparison  of  the  cavitation  characteristics  of  the  propeller 
and  pump.  At  the  rated  flow  rate,  the  specific  cavitation  speed 
of  the  propeller  was  C  =  615.  In  the  pump  wheel,  when  <jf>  =  +  2.0° 
and  at  the  rated  parameters  the  coefficient  C  =  835,  i.e.,  it 
is  -^35  percent  higher  than  in  the  propeller.  When  ^  =  +  3. 5°, 
i.e.,  with  coincidence  of  the  head  curve  of  the  pump  with  the 
propeller  curve,  the  efficiency  of  the  pump  was  approximately 
1.5  percent  higher,  and  C  =  700,  while  in  the  propeller  wheel 
C  =  615.  So  that  in  this  case  the  characteristics  of  the  pump 
wheel  were  higher  than  the  propeller  wheel. 

Water- jet  pumps.  In  the  laboratory  of  hydraulic  machines 
at  Leningrad  polytechnical  Institute,  at  different  times  we  have 
developed  and  investigated  several  series  of  blading  systems  in¬ 
tended  for  use  as  the  power  plants  of  specific  water-jet  pro¬ 
pelling  agents. 

Out  of  them,  four  blading  systems  were  selected  (OD-1,  OD-2, 
0D-10,  and  OD-18),  which  may  be  used  as  type  systems  for  design¬ 
ing  water- jet  propelling  agents.  In  the  Appendix  (Pigs.  XIV-XVIl) 
the  universal  characteristics  of  these  systems  are  given,  con¬ 
structed  in  coordinates  —  Kq  and  consisting  of  a  totality 
of  the  curves  of  the  constant  values  of  the  following  quantities: 

—  blade  angle  of  the  rotor  wheel  —  9*  (tests  at  all  values 
of  were  performed  with  an  unchanged  return-circuit  rig); 

—  efficiency  —  ^  ; 

—  specific  cavitation  speed  —  C; 

—  specific  speed  —  ns. 

The  parameters  of  these  blading  systems,  at  the  optimum 
of  their  characteristics  (at  the  maximum  efficiency)  are  given 
in  Table  6. 


TABLE  6 


Optimum  Parameters  of  Type  Blading  Systems 


( 1  yi°nacTHb|c 

'  A  •  CHCTCMW 

(K«)e 

(*<?). 

Tlmix 

("s)o  • 

^  Cyipit  (/!,), 

(3)o/u 

0,082 

0,45 

87 

980 

1200 

14JOA-I8 

0,110 

0,88 

84 

1100 

1220 

[5)0/1-10 

0,060 

0,58 

86 

1400 

950 

\  6  JQH-2 

0,062 

0,75 

89 

1600 

900 

’  „  , 

_ _ _ 

l)  Blading  systems;  2)  C  when  (n„)o;  3)  OD-1; 
4)  OD-18;  5)  OD-10;  6)  OD-2. 
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The  geometrical  dimensions  of  the  rotor-wheel  blades  and 
the  blades  of  the  return-circuit  rig  are  given  in  Tables  I-VIII 
of  the  Appendix.  The  method  of  finding  the  coordinates  and  thick¬ 
nesses  of  the  sections  accepted  in  the  compilation  of  the  tables 
is  shown  in  Pig.  102.  In  all  blading  systems,  a  counterclockwise 
direction  of  rotation  (if  we  look  in  the  direction  of  the  flow, 
i.e.,  from  its  suction  side)  of  the  rotor  wheel  has  been  accepted. 

The  totality  of  the  coordi¬ 
nates  x  —  y  for  each  section  also 
make  up  the  coordinates  of  the 
pattern  (skeleton).  All  ive  pat¬ 
terns  of  one  and  the  same  blade 
(or  bucket)  must  be  curved  around 
the  radius  of  the  given  section 
R  and  installed  on  the  plane  with 
their  bases  so  that  the  points  0 
are  located  on  a  radial  curve. 

The  coordinates  of  points  0  are 
indicated  in  the  last  column  of 
all  the  tables.  In  each  table  the 
values  of  the  radii  of  curvature 
of  the  edges  of  the  corresponding 
section  are  given:  the  leading 
edge  is  f>*  and  the  trailing  edge 

P  ^  # 

sections  of  the  return-circuit  An  example  of  the  formula- 

rigs.  l)  Wheel;  2)  Return-  tion  of  a  drawing  of  the  blades 
circuit  rig.  of  a  rotor  wheel  is  indicated  in 

Fig.  103. 

Section  43.  Semiautomatic  Drive  of  the  Reversing  and  Steering 
Gear 

The  basic  element  of  the  reversing  and  steering  gear  of  a 
modern  water- jet  propelling  agent  (see  Fig.  6)  is  a  semitalanced 
rudder.  For  the  ship  to  make  the  transition  from  running  ahead 
to  running  astern,  the  rudder  plate  must  be  turned  90°.  The 
process  of  shifting  a  rudder  when  the  propelling  agent  is  operat¬ 
ing  is  accompanied  by  a  greater  or  lesser  sideslip  of  the 
stern,  depending  upon  the  speed  with  which  the  rudder  is  shifted. 


Pig.  102.  Method  of  finding 
coordinates  and  thicknesses 
of  the  sections  in  the  com¬ 
pilation  of  the  table  of 
rotor-wheel  sections  and  the 


For  a  double-nozzle  propelling  agent,  the  sideslip  of  the 
stern  may  be  excluded,  if  in  the  transition  from  running  ahead 
to  running  astern  both  rudder  plates  are  turned  toward  each 
other,  and  move  synchronously,  i.e.,  remain  parallel,  during 
regulation  (both  when  running  ahead- and  when  running  astern). 

• 


Pig.  103.  Blading  system  of  the  0D-10  rotor  wheel 
(example  of  the  formulation  of  the  drawing).  Sec¬ 
tions  are  given  at  the  point  indicated  ty  arrow  A. 
Tolerances  for  working  according  to  specifications 
.of  technical  conditions.  Surface  of  the  blades  is 
to  be  finished  tov7.  Working  drawing  No.... Points 
0  are  to  be  arranged  on  the  radial  curve.  Curve 
patterns  around  axis  I-I.  l)  Layout  of  section  at 
R]_j  2)  Layout  of  section  at  Roj  3)  Layout  of  sec¬ 
tion  at  R3;  4)  Layout  of  section  at  R4;  5}  Layout 
of  section  at  R5;  6)  View  A;  7)  View  Bj  8)  Trailing 
edge;  9)  Leading  edge. 

With  sendbalanced  rudder  plates  and  high  capacities  of  the 
propelling  agents,  considerable  torques  originate  on  the  rudder- 
head  shafts.  The  process  of  control  may  be  simplified  and  made 
easier  to  a  considerable  degree  if  we  use  hydraulic  drives.  Let 
us  consider  one  of  the  possible  schemes  of  a  hydraulic  semiauto¬ 
matic  drive  for  the  reversing  and  steering  gear  of  a  double¬ 
nozzle  water  Jet  (Pig.  104,  a) . 

Plates  15  and  17  are  turned  by  gear  wheels  16  and  18, 
driven  by  pinion  gears  14  and  19 .  The  latter  are  given  a  back 
and  forth  motion  by  two  fol]ow-up  servodrives  13  and  20.  Con¬ 
trol  of  the  servodrives  is  accomplished  by  the  control  lever  1. 
JThis  lever  lies  on  an  axle  5.  The  lower  end  of  the  rudder  is 
connected  with  a  thrust  yoke  6,  which  transmits  the  motion  of 
the  end  of  the  lever  to  yoke  3.  The  latter  is  connected  with 
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Pig.  104.  Diagram  of  the  control  of  rudder  plates  of 
a  double-nozzle  water-jet  propelling  agent:  a)  General 
diagram;  b)  Lever  control  system  of  the  servodrive 
slide  valves. 

lever  9  of  the  vertical  shaft  10.  The  thrust  has  a  tackle  to 
regulate  its  length  in  the  initial  layout  of  the  system. 

A  diagram  of  the  transmission  of  the  turning  of  the  verti¬ 
cal  shaft  to  the  slide  valves  of  the  servodrives  is  shown  in 
Pig.  104,  b.  At  . the  upper  end  of  the  vertical  shaft,  one  of 
the  turn  levers  11  or  12  is  fastened.  The  second  of  them  lies 
on  the  same  shaft.  The  cylindrical  ends  of  both  levers  are  fas¬ 
tened  in  turning  pivots  22.  The  latter  are  fastened  to  the 
^slide-valve  yokes  21  and  31  in  hinged  joints  by  two  divided 
axles.  The  turning  of  the  dividing  lever  around  the  axis  of 
the  vertical  shaft  is  transformed  into  back  and  forth  motion 
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of  the  appropriate  slide  valve. 

Both  dividing  levers  11  and  12  are  connected  by  hinged 
joints  by  axles  33  and  44  with  two  rolling  levers  23  and  32. 

The  rolling  levers  are  also  connected  with  each  other  by  a 
hinged  joint,  by  a  cam  25,  which  has  its  lower  protruding  end 
sunk  in  special  slots  of  the  base  plate  27.  These  slots  have 
two  curved  grooves  24  and  26,  whose  axis  of  curvature  coin¬ 
cides  with  the  axis  of  the  vertical  shaft,  and  one  radial  groove, 
connecting  them  and  located  on  the  axis  of  symmetry  of  the 
structure.  The  radial  groove  is  bridged  by  a  moving  pin  bolt  28, 
which  can  be  moved  to  the  right  by  the  angled  rod  held  in  place 
by  a  spring  29. 

The  system  described  is  represented  in  a  position  of  the 
rudder  plates  corresponding  to  a  case  vihen  the  ship  is  going 
astern.  The  plates  are  perpendicular  to  the  centerline  of  the 
ship.  The  cam  25  can  move  only  along  the  lower  curved  groove. 

In  this  case,  its  distance  from  the  axis  of  rotation  of  the 
system  of  levers  is  unchanged.  The  four-link  mechanism  of  the 
divider  levers  and  the  roller  levers  remains  unchanged,  and  all 
four  levers  can  move  only  as  one  unit.  Consequently,  turning 
the  vertical  shaft  causes  a  movement  of  both  slide  valves  to 
one  side  or  the  other,  such  as  to  the  left,  for  example.  Both 
rudder  plates,  in  this  case,  will  be  turned  synchronously. 

If  the  cam  25  were  located  in  the  upper  curved  groove, 
the  four-link  system  of  levers  would  take  a  different  position, 
but  also  unchanged  with  relationship  to  each  other.  Both  rudder 
plates,  in  this  case,  would  be  turned  parallel  to  each  other. 

With  the  center  position  of  the  cam,  the.  entire  system  is  sym¬ 
metrical  to  the  vertical  axis  and  the  plates,  parallel  to  the 
centerline  of  the  ship,  which  corresponds  to  the  position  when 
the  ship  going  ahead.  A  deviation  of  the  cam  from  the  axis  of 
symmetry,  to  the  left  or  to  the  right,  would  cause  the  corre¬ 
sponding  synchronous  turn  of  the  plates,  i.e.,  control  of  the 
ship  while  running  ahead  would  be  accomplished. 

When  the  pin  bolt  28  is  moved  to  the  right,  the  vertical 
groove  leading  along  the  axis  of  symmetry  is  closed.  If  the 
groove  is  open  in  the  position  shown  in  the  drawing,  a  turn  of 
lever  1  in  a  clockwise  direction  would  cause  the  cam  to  move 
upward.  The  four-link  mechanism  would  begin  .to  be  deformed, 
and  lever  32  would  draw  lever  11  after  it.  The  ends  of  the 
divided  levers  would  begin  to  come  closer  together,  and  the 
rudder  plates  would  turn  to  meet  each  other.  Thus,  the  transi¬ 
tion  from  running  astern  to  running  ahead  would  be  accomplished. 
The  inverse  process  also  occurs  when  the  connecting  groove  is 
opened,  but  with  the  movement  of  the  cam  downward  and  the  corre¬ 
sponding  movement  of  the  slide  valve  to  the  opposite  sides,  conse 
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quently,  with  the  plates  moving  to  meet  each  other,  but  in  a 
direction  the  opposite  to  what  was  described  above. 

When  the  transition  from  running  ahead  to  astern,  or  vice 
versa,  completed,  the  pin  bolt  28  again  closes  the  connecting 
groove,  and  the  motion  of  the  plates  may  again  occur  only  syn¬ 
chronously. 

Control  of  the  divider  levers  is  accomplished  by  the  crank¬ 
shaft  1.  Control  of  the  pin  blot  is  accomplished  by  lever  2.  The 
lever’s  pressure  toward  the  crankshaft  is  transmitted  by  the 
cable  7  to  the  angular  lever  of  the  pin  bolt,  a  turn  of  which 
pulls  it  out.  The  stop  is  fastened  on  the  cable.  When  the  plates 
are  being  controlled  when  the  ship  is  running  ahead  cr  astern, 
the  stop  moves  together  with  lever  1  and  in  this  case  passes 
under  the  stop  plate  3,  which  has  tvio  slots  made  to  fit  the  di¬ 
mensions  of  the  stop.  Consequently,  the  stop  may  be  raised  only 
in  a  case  when  it  is  located  strictly  under  one  of  the  slots  of 
the  stop  plate,  find  the  latter  corresponds  to  the  center  posi¬ 
tion  of  the  rudder  plates.  Thus,  the  transition  from  running 
ahead  to  reverse  may  be  accomplished  only  when  the  ship  is  run¬ 
ning  straight,  i.e.,  when  the  cam  25  (Pig.  104,  b)  is  located 
opposite  the  connecting  groove. 

When  the  lever  2  is  pressed  to  the  crankshaft,  the  stop  4 
may  be  moved  together  with  the  lever  1  above  the  stop  plate  3, 
and  in  this  case  the  stop  cannot  be  lowered,  i.e.,  the  pin  bolt 
cannot  be  returned  to  the  initial  position,  as  soon  as  the  stop 
reaches  the  second  slot,  it  slides  into  it,  the  cable  7  is 
freed,  and  the  spring  returns  the  pin  bolt  to  the  initial  posi¬ 
tion.  Thus,  the  control  mechanism  will  be  prepared  for  regula¬ 
tion. 

An  example  of  a  diagram  of 
a  follow-up  servodrive  is  given 
in  Pig.  105.  Within  the  casing 
3,  there  is  a  cylindrical  bore 
along  its  entire  length,  form¬ 
ing  the  cylinder  of  the  servo- 
drive,  bounded  by  two  covers  2 
and  9.  Within  the  cylinder,  a 
piston  4  may  move.  In  the  piston 
a  coupling  rod  10,  which  is  con¬ 
nected  by  geared  pinions  to  the 
fastened  by  two  pin  bolts. 

The  slide-valve  needle  1  enters  the  piston  freely  from  the 
second  end.  On  the  outer  cylindrical  surface  of  the  piston,  two 
grooves  7  and  15,  of  rectangular  section,  are  cut  along  the 
centerline.  Oil  is  fed  under  pressure  to  all  the  channels  of 


Pig.  105.  Diagram  of  the  fol¬ 
low-up  servodrive. 

drive  of  the  rudder  plates,  is 
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the  piston  through  connection  5,  along  channels  6  and  7,  and 
it  is  bled  from  the  system  along  channel  15  through  connection 
13.  Channels  8,  12,  14,  and  16  are  cut  inside  the  body  of  the 
piston. 

In  the  position  indicated  in  the  drawing,  the  working 
collars  of  the  slide-valve  needle  cover  the  openings  of 
channels  8  and  16.  The  oil  is  trapped  in  both  cavities  of  the 
cylinder,  and  the  slide  valve  is  immobile.  If  the  slide-valve 
needle  is  moved  to  a  certain  distance,  such  as  to  the  left,  for 
example,  its  center  cavity  is  connected  with  channel  8,  along 
which  oil  passes  under  pressure  into  the  right  cavity  of  the 
cylinder.  Channel  l6  is  connected  with  the  bleed  by  channel  12. 
The  piston  begins  to  move  to  the  left,  after  the  slide-valve 
needle.  This  movement  will  occur  until  the  intake  openings  — 
the  entries  to  channels  8  and  16  —  are  covered  by  the  collars 
of  the  needle.  Consequently,  the  cylinder  moves  to  the  left 
by  precisely  the  same  distance  by  which  the  slide-valve  needle 
was  shifted.  In  the  movement  of  the  latter  to  the  right,  the 
process  will  be  similar  to  what  we  have  already  described. 

For  moving  the  slide-valve  needle,  it  is  necessary  to 
apply  only  as  much  force  to  it  as  will  serve  to  overcome  the 
friction  in  the  packing.  In  this  case,  the  cylinder  can  develop 
any  force  required  equal  to  the  product  of  the  oil  pressure 
multiplied  by  the  working  surface,  and  overcome  the  moments  on 
the  pins  of  the  rudder  plates. 

Section  44.  Systems  for  Blade-Turning  Mechanisms 

Systems  for  controlling  the  turning  of  rotor-wheel  blades 
of  a  water- jet  pump  do  not  differ  in  principle  from  systems 
used  in  hydraulic  turbine  building  /jfiJ  •  However,  the  dimen¬ 
sions  of  the  rotor  wheels  of  water- jVt  pumps  are  comparatively 
small,  and  their  operation  may  be  accomplished  without  con¬ 
tinuous  automatic  regulation  in  accordance  with  a  strictly  as¬ 
signed  program,  which  makes  It  possible  to  use  more  simple 
schemes  for  the  mechanisms  for  turning  the  blades. 

In  Fig.  10 8,  a  complex  variation  of  a  control  system  for 
turning  the  blades  of  a  pump,  with  a  simplified  hydraulic  drive, 
is  given. 

The  blades  5  are  installed  in  cylindrical  hub  seats  of  the 
rotor  wheel  11  and  are  fastened  In  them  by  pivot-levers  6,  which 
are  connected  with  the  pivots  of  the  blades  by  bolts  7.  The 
pivot-levers  have  eccentric  cylindrical  cams  4  on  their  inner 
sides.  A  cross  piece  9  is  located  -within  the  hub,  in  which  dowls 
2,  serving  as  cams,  are  screwed.  They  are  connected  with  the 
cams  of  the  pivot-lever  by  linkages  3*  The  back  end  forth  motion 
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(along  the  axis  of  the  wheel)  of  the  cross  piece  leads  to  a  turn¬ 
ing  of  the  blades.  The  fastenings  of  the  rotor-wheel  hub  are 
protected  by  a  casing  12. 

The  cross  piece  is  fastened  at  the  end  of  the  coupling  rod 
42,  which  also  moves  it  in  the  axial  direction.  The  coupling 
rod  passes  within  the  central  opening  of  the  pump  shaft  17. 

The  hub  is  fastened  on  the  flange  of  this  shaft  by  templet 
bolts  10  and  is  enclosed  by  a  cover  1.  The  inner  space  of  the 
hub,  with  the  blade- turning  mechanism  located  in  it,  is  filled 
with  oil.  The  blade  pivot  is  provided  with  end  packings  8. 

The  pump  shaft  is  provided  with  a  stainless-steel  jacket 
14,  which  is  welded  on,  and  serves  as  the  collar  of  a  rubber 
deadwood  bearing  13,  having  a  two-stage  packing  gland  lo  at 
its  outlet.  The  bearing  is  fastened  on  the  wall  of  the  water- 
jet  pipe  15.  Oil  is  fed  into  the  rotor-wheel  hub  through  the 
oil  duct  18. 

The  pump  shaft  17  is  connected  with  an  intermediate  shaft 
13  by  a  special  rigid  coupling.  Its  left  half  19  is  fastened 
to  the  pump  shaft,  and  the  right  half  is  made  as  one  piece  with 
the  intermediate  shaft  35.  The  inner  cylindrical  bore  21  of  the 
right  half-coupling  is  a  cylinder,  within  which  the  piston  of 
an  oil  servodrive  22  runs .  The  inner  bulkhead  forms  a  closed 
cavity  with  a  cylinder  21. 

The  piston  21  moves  back  and  forth  within  the  cylinder 
under  the  pressure  of  the  oil  fed  Into  the  left  or  the  right 
cavity.  The  oil  is  fed  in  from  the  casing  of  a  slide  valve  29. 

A  channel  40  feeds  the  oil  through  cavity  4l  and  the  inner  bor¬ 
ing  of  the  piston,  into  the  left  cavity,  and  thus  moves  it, 
and,  together  with  this,  the  cross  piece  also,  to  the  right. 
Channel  25  feeds  oil  into  the  right  cavity,  which  causes  a  move¬ 
ment  of  the  cross  piece  to  the  left. 

Control  of  the  oil  feed  into  the  servodrive,  and,  conse¬ 
quently,  also  the  turning  of  the  blades,  is  accomplished  by 
means  of  a  slide-valve  needle  39.  The  latter  is  moved  by  a 
control  lever  29  via  a  linkage.  The  lever  has  an  index  pin  26 
holding  it  in  any  given  position. 

Stabilization  of  the  position  of  the  servodrive  piston  Is 
provided  by  the  presence  of  feedback.  Two  thrust  bearings  are 
fastened  in  the  piston,  passing  within  special  drilled  holes 
in  the  intermediate  shaft.  The  second  ends  of  these  thrusts 
are  fastened  in  a  ring  33.  The  round  collar  of  this  ring  ro¬ 
tates  within  a  fixed  yoke  32.  The  bolts  34  connecting  the  ring 
with  the  thrusts  pass  through  axial  slots  in  the  intermediate 
shaft.  Axial  motion  of  the  piston  22  is  transmitted  to  the  ring 
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33  and  the  yoke  32  via  the  thrusts  23.  The  yoke  is  connected 
with  the  Jacket  of  the  slide  valve  36  pressed  into  the  casing 
29  hy  means  of  levers  31  and  30. 

The  process  of  turning  the  blades  is  accomplished  in  the 
following  sequence.  Vie  will  assume  that  the  crank  27  is  moved 
to  the  right,,  to  some  new  position.  In  this  case,  the  position 
of  the  piston  has  not  yet  changed .  Consequently,  the  feedback 
levers  30  and  31>  and,  together  with  them,  also  the  slide-valve 
casing,  are  immobile.  Then  the  needles  within  the  casing  move 
to  the  right.  The  channel  40  is  connected  with  the  pressure 
cavity  which  pressure  then  moves  into  cavity  21,  and  the  piston 
moves  to  the  right.  In  this  case,  the  right  cavity  is  connected, 
via  channel  25,  with  the  bleed  opening  of  the  slide  valve. 

The  motion  of  the  piston  via  the  thrust  23,  the  ring,  and 
the  yoke  is  transmitted  to  the  feedback  levers,  which  move  the 
slide-valve  casing.  This  process  is  continued  until  the  slide- 
valve  casing  has  moved  to  a  new  neutral  position,  i.e.,  until 
the  needle  bands  have  covered  the  openings  in  the  casing. 

The  second  support  of  the  shaft  is  the  guide  bearing  24. 

A  slide  valve  is  installed  in  a  special  bearing  33  which  rests 
only  on  springs  37. 

The  proposed  scheme  provides  for  changing  the  position  of 
the  blades  of  the  rotor  wheel  manually.  This  system  may  easily 
be  connected  with  a  lever  that  controls  the  fuel  feed  in  a 
diesel  engine.  The  connection  may  be  accomplished  so  that  an 
optimum  ratio  of  the  speed  of  revolution  of  the  engine  shaft 
and  the  position  of  the  rotor-wheel  blades  corresponds  to  each 
given  position  of  the  control  lever.  This  is  achieved  by  the 
fact  that  the  slide-valve  needles  rest  on  the  appropriate  wedge, 
the  shape  of  which  is  also  an  expression  of  the  law  of  the  con¬ 
nection  of  the  revolutions  with  the  position  of  the  blades.  The 
law  of  this  connection  may  be  found  by  calculations  (see  Section 
^1). 


The  hydraulic  connecting-rod  drive  mechanism  described  is 
quite  complex  and  requires  the  organization  of  a  lovr-pressure 
plant. 


If  we  need  turn  the  blades  only  comparatively  slowly,  we 
may  rest  content  with  a  simplified  mechanical  drive  for  the  con¬ 
necting  rod  (Fig.  107). 

The  shaft  1  has  a  cylindrical  bore  through  it,  within 
which  the  connecting  rod  6  passes.  On  the  connecting  rod  a  pin 
bolt  3  is  fastened  by  two  spring-loaded  stopper  rings  2,  and  the 
pin  bolt  passes  through  a  rectangular  hole  into  the  shaft. 
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Fig.  107.  Simplified  diagram  of  the  mechanism 
of  a  manual  connecting-rod  drive. 


The  ends  of  the  pin  bolt  lie  on  two  ball  and  thrust  bearings  5* 
The  latter  are  fastened  in  the  casing  4.  The  covering  of  the 
casing  7  is  made  in  the  form  of  a  hub  with  a  flange,  which  is 
used  as  the  cover  of  the  bearing  casing.  A  band  or  trapezoidal 
thread  is  cut  in  the  end  of  the  hub.  A  nut  with  a  control  wheel 
9  is  screwed  onto  these  threads.  The  nut  is  fastened  in  a  fixed 
bearing  8.  The  casing  has  a  lug  that  fits  into  the  key  bed  10. 

The  rotation  of  the  control  wheel  causes  a  translational 
motion  of  the  bearing  casing,  the  pin  bolt, and  the  connecting 
rod,  at  the  second  end  of  which,  similar  to  the  system  previously 
described  (see  Fig.  107 ),  the  cross  piece  of  the  blade-turning 
mechanism  is  fastened. 

This  mechanism  may  be  applied  in  rotor  wheels  having  hubs 
of  comparatively  large  dimensions.  With  small  hub  ratios  or  in 
those  cases  when  the  diameter  of  the  rotor  wheel  is  small  in 
general,  the  blade-turning  mechanism  may  be  simplified.  As  one 
of  the  possible  solutions,  in  Fig.  108  we  give  a  diagram  of  a 
linked  gear  for. turning  the  blades. 

In  this  diagram,  a  rotor-wheel  blade  1  is  fastened  in  a  hub 
4  (as  in  the* previous  variation)  by  means  of  a  pivot-lever  2.  A 
square  lock  is  screwed  on  the  cylindrical  pin  of  the  pivot-lever. 
The  cross  piece  3*  fastened  on  the  connecting  rod  5,  has  skewed 
rectangular  grooves  on  its  lateral  planes  6,  in  which  the  locks 
8  fit.  The  cross  piece  has  two 'joint  lugs  7,  which  fit  in  the 
corresponding  grooves  on  the  inner  surface  of  the  rotor-wheel 
hub,  and  thus  prevent  the  cross  piece  from  turning. 
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Pig.  108.  Simplified  diagram  of  a  link  gear  for 
turning  blades . 


Pig.  109.  A  simplified  dia¬ 
gram  of  a  disk  mechanism 
for  turning  blades. 


A  movement  of  the  cross  piece 
in  the  axial  direction  causes  the 
corresponding  movement  of  the  lock 
pieces,  and  consequently  also  a 
turn  of  the  blades. 

The  turning  mechanism  repre¬ 
sented  in  Pig.  107  is  even  simpler. 
Three  disks  are  fastened  on  the  con¬ 
necting  rod  3.  The  diameter  of  the 
center  disk  5  is  less  than  the  diam¬ 
eters  of  the  two  other  disks  2.  The 
space  between  the  protruding  edges 
of  the  outer  disks  forms  an  annular 
groove,  in  which  the  square  lock 
pieces  1  of  all  four  blades  fit. 

A  back  and  forth  motion  of  the  con¬ 
necting  rod  and  the  disks  causes 
the  blades  to  turn. 

A  mechanism  of  such  a  type, 
simplified  to  the  maximum,  may  be 
used  in  even  smaller  sizes  of  rotor 
wheel  and  with  a  smaller  range  of 
blade  angles  required. 
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-  Pz.bl  *  Pz.blade^7. 


V/e  integrate  this  expression  along  the  span  of  the  blade. 
Ue  assume  that  the  head  created  by  the  wheel  is  uniformly  dis¬ 
tributed  along  the  span: 


(9.  7) 


where  R  =  D/2  and  r  =  Dhub/2.  We  introduce  the  hub-tip  ratio  r/R 
=  d  and  obtain 


(!-*■— In 4-). 


P.8) 


In  the  expression  in  the  parentheses,  we  replace  the  theor¬ 
etical  head  by  the  pressure- head  coefficient  /see  (6.38)7  and 
substitute 


co2/?s  =  (jt Dn)  *.  (9,  9) 

Then  the  axial  force  acting  on  the  rotor-wheel  blades  is 

(9.10) 

The  total  axial  force  will  be  greater  than  that  obtained 
by  the  magnitude  of  the  force  acting  on  the  rotor-wheel  hub, 
i.e.,  by  the  quantity 

P*.*T  =  n[ri-rl)yHt,  (9,11) 

/Pz ,6r  =  pz.hub7  where  rshaft  /r8  =  rshaft.*7  is  the  radius  of 
the  shaft  at  the  point  where  it  leaves  the  pump,  through  the 
packing;  ^rfhaft  is  the  so-called  unbalanced  area.  Usually  rfhaft 
«r2  and  for  simplicity  in  the  final  expression,  we  may  ignore 
the  quantity  r|haft: 

-  p„  «  =  "r* \Hr-  (9.  12) 

The  total  axial  force  acting  on  the  pump  rotor  is 

P,=  P„  n  +  P„  ,r-  (9,  13) 

After  substitution  and  reductions,  we  finally  obtain 

P,  =  nR*yffr(  l~-0-ln4-).  (9/14) 

Prom  expression  (9.1*0  it  is  apparent  that  the  total  axial 
force  acting  on  the  pump  rotor  is  always  less  than  the  force 
calculated  as  the  product  of  th‘e  static  pressure  difference 
on  the  area  of  the  rotor-wheel  circle  ffR2if  we  refer  all  the 
head  to  the  pressure  difference. 


« 
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We  will  designate 


C#  = 


g^H 

nris 


(9, 15) 


In  Section  17,  the  optimum  value  of  the  huh-tip  ratio  d 
as  a  function  of  the  calculated  magnitude  of  the  pressure-head 
coefficient  (KjOopt  Was  defined.  This  dependence  was  given  by 
the  corresponding  curve  in  Pig.  40.  Its  consideration  makes  it 
possible  to  determine  the  coefficient  Cq  for  the  rated  (opti¬ 
mum)  operating  regime  of  the  pump  as  a  function  of  only  one 
parameter  -  (KH)opt* 


Pig.  110.  Dependence  of  the 
axial  force  factor  vq  upon 
the  head  coefficient  Kjj. 


The  results  of  the  calcula¬ 
tion  of  the  quantity  Co  are  given 
in  Pig.  110,  and  they  shov;  that 
Co  ft*  0 .89-0.95 .  We  will  again 
emphasize  that  this  is  valid  only 
for  the  rated  (optimum)  operating 
regime  of  the  pump. 

If  the  pump  being  designed 
is  to  operate  near  the  optimum 
regime,  for  calculation  of  the 
footstep  bearing  with  a  certain 
safety  factor,  we  may  assume  that 

P,  as  nP!Y//t.  (9.  16) 


For  generalization  of  the  magnitude  of  the  axial  stress  in 
various  pumps  investigated,  we  will  introduce  the  concept  of  the 
axial  force  coefficient  Kaf  /K0y  =  Ka«  =  KaXial  forced,  which 
may  be  obtained  from  (2.23)  for  the  scale  series  of  pumps.  In 
analogy  with  expressions  (6.37)  and  (6.33),  we  assume  that  the 
axial  force  coefficient  is 


Koy  —  niQt  •  (9,  17) 

We  will  express  the  head  Ht  in  formula  (9.1*0  via  the  head 
coefficient  Kg.  With  a  consideration  of  expression  (9.15),  we 
obtain 

^  =  ^r-T-WD?co-  (9.18) 


Then>  from  formula  (9.17),  we  obtain 

Or,  having  assumed,  in  approximation,  that  (»ir)cP  =  0,9  and 
(Qcp  =  0.92, ’  for  the  rafce<2  (optimum)  operating  regime 
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, 


Koy  =  0,8  (K„)0lir  (9,  19) 

In  the  strength  calculations  of  the  blade,  besides  the  total 
force  acting  on  it,  it  is  also  necessary  to  know  the  distribution 
of  this  force  along  the  surface  of  the  blade.  It  is  easy  to  demon¬ 
strate  that  the  axial  component  of  the  force  is  not  uniformly 
distributed  along  the  radius. 

Prom  the  velocity  triangle 

-  s^ctgP*  =  CjCtgp.. 

Then  formula  (9.1)  may  be  rewritten  in  the  form 

dpr,x  =  ctgp„dr.  (9,20) 

If  in  the  rated  (optimum)  operating  regime  the  axial  velocity 
component  is  constant  along  the  radius,  and  also  H(r)  =  const 
and  Ti(r)  =  const,  then,  according  to  formula  (9.20),  dPz,i(r) 
also  depends  only  upon  ctgj3w,  i.e.. 


Consequently, 


dP i  ~  ctg  ft,  dr. 
p *.  i  ■>)  =  /  (ctg  P„). 


(9,  21) 


If  we  assume  that  on  the  average,  at  the  peripheral  sec¬ 
tions  (^oo)v  #1S°  and  at  _the  root  sections  '(?»)/  =55*4i>0,  ,  then 
ctg  (P»)/ =»  3,  and  tetg  (P«)v  =  i.e.,  the  axial  force  increases 

from  the  root  toward  the  periphery  by  approximately  a  factor 
of  3. 

Section  46.  Hydrodynamic  Moment  and  the  Strength  Calculation  of 
a  Blade 

Two  groups  of  forces  act  on  the  blade  of  a  rotor  wheel: 
surface  and  mass  forces.  Surface  forces  are  the  forces  of  the 
hydrodynamic  reaction  of  the  blade  with  the  flow  of  fluid.  Mass 
forces  are  centrifugal  forces  and  weight  forces.  For  axial  water- 
jet  pumps,  weight  forces  may  be  ignored. 

Vie  will  find  the  magnitude  of  the  bending  moment  of  the 
hydrodynamic  forces  of  the  reaction  of  the  blade  with  the  flow. 
We  will  designate  the  components  of  this  moment  and  Mz,  cor¬ 
responding  to  the  axial  Pz  and  peripheral  Pu  projections  of  the 
hydrodynamic  forces. 

The  magnitude  of  the  bending  moment  Mz  around  an  axis  paral¬ 
lel  to  the  axis  of  revolution  of  the  wheel  is  determined  by  the 
value  of  the  peripheral  component  of  the  hydraulic  forces.  The 


quantity  Pu  is  determined  by  formula  (3.65).  The  reaction  force 
is  numerically  equal  to  Pu;  Then  (Fig.  Ill) 

dMz  =  Pudr • (r^  -  r),  (9.22) 

where  r*  is  the  current  value  of  the  radius. 


We  will  integrate  this  expression  within  limits  from  r  to 
R.  With  a  consideration  of  formula  (3.65) ,  we  obtain  the  magni¬ 
tude  of  the  moment 


=  J  (rt  —  r)  dr  -  of  ,i'f  —•'(/?  —  r)]  = 


—  ~2  (*  -  =  -5-  ('  “  rf)*- 

From  the  condition  of  continuity. 


4Q  _  4/CqhD1 _ 4nnD 


kDs 


nO* 


«  K«- 


(9.  23) 


(9,  24) 


From  the  basic  equation 


t,  _  vuu  ur 
T  “  g  ~  2.-T g  • 

from  whence  the  circulation  around  one  blade  is 


Tj  = 


2ngHr  7ngKH**&  _  8 


uZ 


(9,25) 


We  will  substitute  expressions  (9.2*0  and  (9.25)  into 
equation  (9.23).  After  elementary  transformations  we  obtain 

=  2xZnr  X 

.  X  KqKniPD*  (1  —  d*)-  (9, 26) 


From  general  considerations  of  similarity  /see  formula  (2.23^7 
it  follows  that  the  moment  is  proportional  to  trie  square  of  the 
revolutions  and  the  fifth  power  of  the  diameter.  Vie  will  intro¬ 
duce  the  concept  of  the  moment  coefficient.  In  the  example  under 
consideration,  the  dimensionless  bending  moment  coefficient  may 
be  represented  in  the  form 

Km,  t  =  -£r£r  •  ,  (9.  27) 

Then  formula  (9.26)  may  be  rewritten  thus 


The  power  is 


K*.  •  ~  tfe  VW1  “  *>*• 

N  =  yQH-L.  =  vKQK„n>D'-±;r. 


(9.  28) 
(9,  29) 
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The  power  is  proportional  to  n3D5  /see  (2.23)7,  and  conse¬ 
quently 

K/i  ~  *  (9,  30) 

Prom  formulas  (9.29)  and  (9.30),  it  follows  that 

V«  =  TV  (9. 31) 

In  comparing  formula  (9.31)  with  expression  (9.28),  we  ob¬ 
tain 

(9.32)  j 

Consequently,  the  magnitude  of  the  hydrodynamic  bending 
moment  around  an  axis  parallel  to  the  axis  of  rotation  is  deter¬ 
mined  by  the  value  of  the  power. 

The  magnitude  of  the  bending-moment  component  in  the  direc¬ 
tion  of  the  peripheral  velocity  is 

dMu  =  pudr-{rt  -  r).  "  (9,33) 

Having  integrated  expression  (9.33)  within  the  limits  of  the 
span  of  the  blade,  we  obtain 

Af«  =  er,  J  Wu~{rl  —  r)  dr.  34) 

r  * 

We  will  perform  substitutions  similar  to  those  applied  in 
the  derivation  of  the  axial  force: 

R 

Mu  f=  J  (aw-  -^(r,-  r)dr  = 

r  -  '  ?.'  **' 

R 

—  Qfi  j  (0)r — ^-)(/'<  —  r)dr.  (9,35) 

r 

After  integration 

(9.36) 

Having  substituted  expression  (9.25)  into  formula  (9.36), 
after  simple  transformations  we  obtain 
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"•-4  4/c„»>d>[  *="+£■  _  m.k„  .  (9;  37) 

Similar  to  the  previous  case,  we  introduce  the  concept  of 
the  moment  coefficient: 


K  —  Mu 

*M,U  —  nlQt 


(9.  38) 


and  then  formula  (9.37)  takes  the  form 

-4H '  -*  - d  i"  4)]  •  <9-  39> 

Consequently,  the  moment  coefficient  KmjU,  with  a  con¬ 
sideration  of  the  presence  of  the  connection* d(KH) ,  is  a  func¬ 
tion  of  the  head  coefficient  only. 

For  determination  of  the  bending  stresses  in  the  root  (hub) 
section  of  the  blade,  we  will  lay  out  the  bending  moment  in  direc¬ 
tion  of  the  principal  axes  of  iner¬ 
tia  X  and  Y,  which  are  tentatively 
!  directed  along  the  chord  of  the 

III  I  |  section  and  are  perpendicular  to 

I  <S\,  I'VS:  ,  it  (see  Fig.  112), 


1  I 

Pu}  »  I  > 

/P  Pt  *£  _ . 


Mx  =  — (Af„  cos  a  4-  Mz  sin  a) 
My  =  M ,  cos  a  —  Mu  sin  a 


(9.  40) 


The  maximum  of  the  bending 
stresses  occurs  at  the  edges  of 
the  section  (points  b  and  c)  or 
at  the  most  distant  point  of  its 
surface  (point  a).  The  magnitude 
of  the  maximum  Tfension  stress  due 
to  the  effect  of  the  hydrodynamic 
tending  moment  may  be  determined 
according  to  the  well-known  formula 

®Hjr,  max  —  ya  >  (9,  41) 


Fig.  111.  Diagram  of  the  de-  according  to  the  well-known  formula 
termination  of  the  bending  Mx 

moments  on  the  blade  of  a  °Hjr,  max  — (9.41) 

rotor  wheel. 

Z^Mar.max  =crbend.max  =  ^bending. 
maximumV  where  T.7X  is  the  moment  of  inertia  of  the  root  section 
of  the  blade  relative  to  the  neutral  axis,  parallel  to  the  princi¬ 
pal  axis  X.  For  a  rotary-blade  pump,  the  quantity  Wx  must  be 
calculated  for  the  area  of  that  part  of  the  root  section  where 
it  is  connected  with  the  pivot  of  the  blade. 

Stress  due  to  centrifugal  forces.  Usually  a  blade  in  de- 
si  gneT“so~TFia^~THe^¥nters—of'— gravity  of  all  the  sections  are 
matched  on  a  radial  curve  or  are  arranged  as  close  as  possible 
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to  it.  In  this  case,  the  bending  stresses  due  to  centrifugal 
force  will  be  equal  or  close  to  zero,  and  the  centrifugal  force 
will  cause  only  a  tension  stress  in  the  root  section.  The  magni¬ 
tude  of  this  stress  is 

-  (9, 42) 

Z°«  -  “cent  ”  “centrifugal-^  where  m  Is  the  mass  of  the  fin 
part  of  the  blade;  F^  Is  the  area  of  the  root  section  for  an 
impeller  pump,  or  the  area  of  the  part  of  the  root  section  at 
the  place  of  Its  connection  with  the  pivot  in  a  rotary-blade 
pump . 


It  is  apparent  that  the  maximum  stresses  may  be  obtained 
by  adding  O'ce'nt  wit*n  the  maximum  tension  stresses  from  the  bend¬ 
ing  ^bend  .max* 

In  the  calculation  of  high-speed  water-jet  pumps  having  a 
low  hub-tip  ratio  and  comparatively  narrow  and  thin  blades  [a 
low  l/t) ,  it  is  necessary  to  make  a  check  of  the  first  natural 
frequency  of  the  fin  part  of  the  blades. 


A  blade  fin  may  be  considered  as  a  beam  of  variable  section 
rigidly  fastened  at  one  end .  The  skew  of  the  blade  is  not  taken 
into  consideration,  since  its  effect  is  relatively  small  (for 
high-speed  rotor  wheels  1-3  percent).  Besides,  it  increases  its 
natural  frequency,  i.e.,  it  provides  a  certain  safety  factor. 


Usually  it  is  sufficient  to  perform  a  tentative  estimate 
of  the  first  natural  frequency  of  the  blade  according  to  the  for 
mula 

t  17,5 
'  ~  l* 


V- 


yf'P  1 


(9.  43) 


where  f  is  the  first  natural  frequency  /periods  per  second/; 

1  is  tEe  span  of  the  blade  (radial  length);  E  is  the  modulus  of 
elasticity  of  the  material;  Iavg  is  fche  average  magnitude  of 
the  moment  of  inertia  of  the  cylindrical  sections  of  the  blade; 
Favg  is  the  average  magnitude  of  the  area  of  these  sections;  and 
*Y  is  the  density  of  the  blade  material. 


For  high-speed  rotor  wheels,  an  estimate  according  to  for¬ 
mula  (9.^3) j  as  a  rule,  gives  an  understated  magnitude  of  the 
first  natural  frequency,  by  approximately  3-8  percent  /%?[/• 

The  estimate  obtained  must  be  compared  with  the  maximum 
frequency  of  the  disturbing  force 

. 

/ >ojm  =  60  (3.  44) 
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ZW,  =  fdist  =  f'disturbingZ7  where  n  is  the  number  of  revolu¬ 
tions  per  minute;  and  Z  is  the  number  of  blades  of  the  return- 
circuit  rig. 

With  an  asymmetrical  intake  to  the  pump,  i.e.,  in  the  pre¬ 
sence  of  a  "skev/ed"  flow  before  the  wheel,  the  possible  magni¬ 
tude  of  fdist  must  be  doubled. 

Section  47 .  Selection  of  the  Humber  of  Blades 

In  the  hydrodynamic  calculation  of  the  sections  of  rotor- 
wheel  blades,  the  selection  of  the  relative  magnitudes  of  the 
solidity  of  the  lattices  l/t  is  the  determining  (and  adequate) 
factor.  In  this  case,  the  thicknesses  of  the  sections  are  also 
selected  in  relative  magnitudes;  they  are  given  by  the  ratio 
of  the  maximum  thickness  of  the  profile  of  a  given  section  to 
its  length  dm/l.  A  rotor  wheel  may  be  designed  with  any  arbi¬ 
trary  number  of“‘blades,  with  preservation  of  the  values  of  the 
relative  solidities  of  the  lattices  assumed  in  the  calculations. 
For  example,  with  two  or  four  blades,  all  the  dimensions  of  the 
sections  in  the  first  case  must  be  double  the  figure  that  they 
are  in  the  second  case.  Hydrodynamically  (without  consideration 
of  the  effect  of  tip  phenomena),  both  wheels  will  be  of  the  same 
value. 

Let  us  consider  how  the  selection  of  the  number  of  blades 
effects  their  strength  characteristics.  We  will  compare  rotor 
wheels  with  the  same  parameters  Q,  H,  n,  D,  and  Dhub  and  similar 
lattices  of  sections,  but  with  a  different  number  of  blades. 

The  stresses  in  the  root  section  of  a  blade  are  determined 
by  the  ratio 


where  Mx  is  the  bending  moment;  and  Wx  is  the  moment  of  resis¬ 
tance  of  the  area  of  the  section  relative  to  the  principal  axis 
of  the  section  X. 

From  formulas  (9.26),  (9.37),  and  (9.^0),  it  follows  that 
'  1  Mx  |  -  4-  i-  WD*  [ 2  ~  -  -g-  K„  x 

x(l  —  d~  In  -^-)]  cosa  +  ~2Kzr\r  KQKHntDi{\  —  d)4  sin  a.  (9,  45) 

In  the  conditions  accepted  above,  in  the  right-hand  part  of 
equation  (9.45)  all  the  quantities/except  the  number  of  blades 
Z,  are  constant,  and  we  may  consider,  in  approximation,  that  the 
bending  moment  Mx  is  inversely  proportional  to  the  number  of 
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blades,  i.e.. 


Mx~\.  (9.46) 


Fig.  112.  Replacement  of  a 
section  by  a  rectangle  of 
equal  strength.- 


The  moment  of  resistance  for 
the  area  of  the  root  section  of  a 
blade  of  complex  shape  is  usually 
determined  by  the  method  of  graphic 
Integration  (see  for  example, 
reference  /3§7)  •  To  ascertain  the 
effect  of  the  number  of  blades, 
we  will  simplify  the  problem.  l.Te 
will  replace  the  root  section  by 
a  rectangle  of  equal  resistance 
(Fig.  112).  Vie  will  assume,  in 
approximation,  that  its  height  is 
h  =  */9dm. 

The  moment  of  resistance  of 
such  a  rectangle  is 


(9.  47) 


We  will  replace  the  dimensional  quantities  1  and  dm  by  the 
ratios  l/t  and  djj/l: 

,  _  /  2.v 

'■  (9,48) 


a  _  dm  l  2 nr 
d/n  “  It"  ~Z~  ‘ 


(9,  49) 


We  will  substitute  expressions  (9.^8)  and  (9.^9)  into  formula 
(9.^7).  After  reductions,  we  obtain 

<*•*> 

Here  dm/l,  l/t,  and  Ttr  are  constants,  i.e., 

Wx  =  const- Jj-.  (9,  51) 

The  maximum  bending  stress  is 

fair  =  <*bend  =  <?bending(  stress  )j7  with  a  consideration  of 

dependences  (9.46)  and  (9.51)> 

•  * 

°«3r  ~  2*.  (9.  52) 
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Consequently,  a  decrease  in  the  number  of  blades,  if  they 
are  composed  of  similar  lattices  of  the  sections  (l/t  =  const), 
leads  to  a  decrease  in  the  maximum  stresses  in  the  root  section, 
which  gives  us  the  opportunity  of  making  the  blade  thinner;  the 
latter,  in  the  majority  of  cases,  has  a  favorable  effect  on  the 
cavitation  characteristics  of  the  wheel.  However,  this  leads  to 
an  increase  in  the  absolute  dimensions  of  the  blades  and  the 
overall  axial  dimensions  of  the  wheel .  Usually  the  number  of 
blades  is  selected  according  to  the  calculations  given  in  Sec¬ 
tion  19. 


239 


appendix 


GRAPHS  FOR  CALCULATING  LATTICES  OF  THIN  PROFILES 


0.5  .10  >  2.0  lg 


Fig.  I.  Determination  offi  . 
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